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ABSTRACT

GROUND REACTION FORCES ARE PREDICTED WITH FUNCTIONAL AND
CLINICAL TESTS IN A HEALTHY COLLEGIATE POPULATION

By
Paul A. Cacolice, MS, LAT, ATC, CSCS
August, 2015

Dissertation supervised by Christopher R. Carcia, PhD, PT, SCS, OCS
Purpose: This study aimed to generate models predicting Ground Reaction
Forces (GRFs), an established predictor of ACL injury incidence, from practical
functional and clinical tests.
Participants: Forty-two healthy, active college age individuals (21 females, age
20.667±1.461; 70.702±2.363cm; 82.202±7.606kg; 21 males, age 21.571±1.28;
65.524±1.874cm; 64.190±9.059kg) participated.
Methods and Materials: After assuring all participants met inclusion criteria and
provided consent, lower extremity (LE) dominance was determined with drop landings.
Individuals then had Fat Free Mass [FFM] determined from skinfolds, ankle joint
dorsiflexion passive range of motion taken with a standard goniometer [DPROM], and
performed the overhead deep squat test [ODS]. A warm-up on a bicycle ergometer then
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preceded determination of vertical [GRFz] and posterior ground reaction forces [GRFy]
with five, signal-averaged LE drop landings from 35cm height onto a forceplate.
Participants then performed the following tests in a counterbalanced order: MargariaKalamen [MK], Single Leg Triple Hop [SLTH], isometric peak force for lateral hip
rotation [HipLR], knee flexion and knee extension. The knee flexion and extension peak
force data was used to calculate a flexion:extension peak force ratio [H:Q] while GRFz
and GRFy values were normalized to the participant’s FFM [nGRFz and nGRFy].
Stepwise linear regression models to predict the GRFs were calculated using FFM,
DPROM, ODS, MK, SLTH, HipLR, H:Q and sex as the predictors. Alpha levels for all
analyses were set a-priori at P≤ .05.
Results: Step-wise linear regression analysis indicated that a significant nGRFz model
occurred utilizing all independent variables (Adjusted R2= .197, P= .048), but was most
parsimonious with only SLTH and DPROM as predictor variables (Adjusted R2= .274;
P=.001). Use of all eight-predictor variables for nGRFy also resulted in a statistically
significant result (P= .001) but the most parsimonious model occurred with only H:Q,
FFM and DPROM (Adjusted R2= .476; P< .001).
Conclusions: Two models significantly predicted GRFs from practical clinical measures
and functional tests. One model predicted vertical ground reaction force from SLTH and
DPROM, while one model predicted nGRFy from H:Q, FFM and DPROM.
Clinical Relevance: If validated, a practical method of predicting nGRFy would be
available to identify those at elevated ACL injury risk.
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Chapter 1
Introduction

1.1 Background
Anterior cruciate ligament (ACL) injuries are common, costly and debilitating. It
has been estimated that 80,000 to 250,000 ACL injuries occur in the US each year,1–3
with an estimated total annual cost to society of between $8 and $18 billion.4 ACL injury
increases the likelihood of re-injury5,6 and the risk of developing knee osteoarthritis.5
Furthermore, individuals often face psycho-sociological challenges during their time
away from regular activity.7,8 With such long and short term effects of ACL injury,
health care professionals should strive to prevent rather than treat these devastating
injuries.
To prevent an injury, one must first acquire an understanding of the causal risk
factor.9 More than 30 years of research has shown however, that there are multiple ACL
injury risk factors.1,10–12 The literature classifies these risk factors into anatomical,
hormonal, environmental and biomechanical catagories,1 each with varying degrees of
practical control.
One identified risk factor is the inability to dissipate energy from landing or
rapidly changing directions. Research has shown that undissipated landing energy can
prospectively predict ACL injury incidence.13 Undissipated landing energy is measured
by assessing the ground reaction force (GRF).13–15 Unfortunately, quantification of GRFs
requires specialized, costly equipment and trained personnel. If practical clinical
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measures and functional tests could accurately predict GRF, then such a strategy would
provide a practical ACL injury risk identification strategy. Therefore the purpose of this
study was to generate GRF predictive models using the results from practical clinical and
functional tests.

1.2 Operational Definitions
For the purposes of this investigation, the following definitions were utilized:


Fat Free Mass – The body mass comprised of skeletal, connective and contractile
tissue, but not adipose tissue.



Ground Reaction Force – The force exerted by the ground onto a body making
contact with the ground.



Posterior Ground Reaction Force – The force generated by the ground in a
posterior direction in response to an anterior force of the body over a fixed point
of contact.



Vertical Ground Reaction Force – The force generated by the ground in an
upward direction in response to a downward force from the body at landing.

1.3 Limitations and Assumptions


Participants provide honest and accurate intake information.



Participants consistently provide a true maximal effort when requested during
testing.



The participant sample recruited for this study is representative of a healthy,
physically active, collegiate population.
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1.4 Delimitations


Recruitment of 42 participants from a college environment.



Randomization of testing for predictor variables where indicated.



Established work-to-rest ratio to minimize any effect of fatigue on the testing
outcomes.

1.5 Problem Statement
Increased vertical and posterior ground reaction forces are associated with ACL
injury. Without sophisticated laboratory measures, it is not possible to accurately predict
these ground reaction forces. If a practical means to predict ground reaction forces
existed, ACL injury risk could be identified and thus attenuated. Therefore, the purpose
of this study was to determine if practical, clinical measures and functional tests were
capable of predicting vertical and posterior ground reaction forces in an active collegiate
population.

1.6 Independent Variables
The independent variables in this study are:
1. Fat Free Mass (FFM) of the participant as measured in kilograms.
2. Maximal ankle dorsiflexion passive range of motion (DPROM), as measured in
degrees with a standard goniometer in a supine position with the knee in
extension and the upper body propped onto the elbows.
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3. Range of motion assessment of the LE joints in weight bearing with the overhead
deep squat test (ODS). This variable is measured dichotomously with either a
functional limitation or no functional limitation of motion in the lower extremity
joints (LE).
4. LE muscular peak power measured in watts, as calculated with the MargariaKalamen (MK) test.
5. The mean distance covered in three trials of the single leg triple hop (SLTH) test
as measured in centimeters.
6. Seated hip lateral rotation maximal volitional isometric peak force (HipLR) as
measured in Newtons with a hand-held dynamometer.
7. Hamstring to quadriceps (H:Q) maximal volitional isometric peak force ratio
measured with a hand-held dynamometer.
8. Sex as a dichotomous variable.

1.7 Dependent Variables
The dependent variables in this study are:
1. FFM normalized vertical GRF (nGRFz), as measured in Newtons with a floor
mounted, six degree of freedom forceplate.
2. FFM normalized posterior GRF (nGRFy), as measured in Newtons with a floor
mounted, six degree of freedom forceplate.
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1.8 Hypotheses
For the present study, there are two hypotheses:
1. A regression equation will predict a statistically significant amount of variance of
the fat free mass normalized vertical GRF.
2. A regression equation will predict a statistically significant amount of variance of
the fat free mass normalized posterior GRF.
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Chapter 2
Review of Literature

2.1 Background
ACL injuries are common, sex-biased, costly and debilitating. It has been
estimated that 80,000 to 250,000 ACL injuries occur each year in the U.S.1 The
incidence of ACL injuries remains elevated despite considerable efforts to reduce this
number by those in the medical community.1,16–18 Annual analysis of the surgical
procedures performed in the U.S. support an injury incidence within this range. The most
recent evidence indicates that more than 120,000 ACL reconstructions were performed
during 2006.2,3 In addition to being strikingly high, this value represents a 66%3 to 77%2
increase in annual ACL reconstructions reported a decade earlier. Further illuminating
the alarming frequency of this injury, Mall et al reported an increase in ACL
reconstruction in females as well as those under 20 years of age between 1994 and 2006.3
ACL injuries present with a clear sex bias. Females are 2.29 to 4.14 times as
likely to tear their ACL in age-, activity- and exposure-matched samples of
intercollegiate athletes.19–21 Reported ACL injury risk values have ranged from 4.7522 to
as high as 9.7421 times in females versus males, but complicating factors were not always
matched in these samples. Of greater concern is that incidence of ACL injuries is
reportedly increasing in certain populations.23 Specifically, Hootman et al noted that
ACL injury incidence rose in females playing NCAA intercollegiate sports from 1998-99
through 2003-2004.23
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The immediate and long-term health care costs of ACL injury are considerable.
For those with an ACL tear, surgical reconstruction is the established practice24 and
recently shown as the most cost-effective strategy to manage these injuries.25 In addition
to the surgical procedure, ACL reconstruction requires a six6 to more than 12 month26
rehabilitation in an attempt to restore pre-operative function. The mean cost for each
reconstruction (surgery, post-operative care and rehabilitation) is $27,452 in 2011 US
dollars.4 The cost for care utilizing a non-operative approach has been reported as even
higher ($32,276 per case in 2011 US dollars).4 Additionally, recent studies have the
estimated ‘total cost to society’ from ACL tears between $8 billion to $18 billion
annually.4
Whether the ACL is reconstructed or not, there are long-term effects once an ACL
is torn. Individuals who have injured their ACL have an increased likelihood of a reinjury5,6 and of developing knee osteoarthritis.5 The history of previous knee injury
increases the adjusted odds ratio of knee osteoarthritis to 3.17 in injured females versus
uninjured females.27 Injury to an ACL increases risk of contralateral ACL injury28 and
decreases quality of life measures.29 Additionally, the athlete often faces psychosociological challenges during their time away from participation.7,8 Due to the
considerable health care costs and potential for debilitating consequences, the preferred
strategy should be to prevent rather than treat ACL injuries. Prior to implementing any
prospective intervention, the health care professional must first understand the cause of
the condition.9
At present time, a complete understanding of ACL injury etiology continues to
elude both investigators and practitioners. The reason for this obscurity is the belief that
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the causal factors are multifaceted.1,10–12 Because of this multifaceted nature, a review of
the many components shown to elevate risk is indicated.
Previous work has identified two general areas of risk, intrinsic and extrinsic
factors.1,10–12 Intrinsic risk factors originate within the body of the individual and are
usually recognized as under less control.19 Intrinsic factors have been classified into
anatomic risk factors and hormonal risk factors.1,10 Extrinsic factors originate outside of
the human body.1 These factors have been classified into Environmental and
Biomechanical risks.1,10 Unlike intrinsic factors, extrinsic factors are recognized as being
under some degree of control and hence are modifiable.19

2.2 Intrinsic Risk Factors
ACL injury risk factors that originate from inside of the human body are classified
as 'intrinsic' risk factors.1 Intrinsic factors have been classified into Anatomical and
Hormonal risks.1,10 As components from inside of the human body are believed to
impact ACL injury risk, invasive means are often required to manipulate intrinsic risk
factors. Because of this, these factors are usually recognized as being less amenable to
practical intervention.19

2.2.1 Anatomical Risk Factors
Several anatomic risk factors have been explored in the literature. Anatomical
factors which have been linked to increased risk of non-contact ACL injury include
femoral intercondylar architecture and systemic ligamentous laxity. In addition, static
anatomical LE segment alignment and hormonal influences are believed to affect ACL
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injury risk. As males and females differ anatomically and hormonally, these factors may
partially explain the variation in ACL injury incidence between sexes.

2.2.1.1 Femoral Intercondylar Architecture
Components of the architecture about the femoral intercondylar notch have been
identified to affect ACL injury risk. Among these components are intercondylar notch
width (ICNW), intercondylar notch shape, and the ratio of ICNW to ACL size.

2.2.1.1.1 Femoral Intercondylar Notch Width
The ICNW is generally defined in the literature as the space between the medial
border of the lateral femoral condyle to the lateral border of the medial femoral
condyle.30 The ACL sits within this space identified as the femoral intercondylar notch.
A narrow notch is thought to impinge the ACL against the medial femoral condyle,
especially as the knee approaches extension. Research has previously shown that even in
an uninjured individual, the ACL is positioned next to the medial condyle with the knee
in extension.31 Further compounding this architectural challenge, if the individual
possesses a bony edge on the lateral aspect of the medial condyle (referred to as an
intercondylar shelf), the position of the ACL and intercondylar shelf would occupy the
same space. Stretched over this bony area, the mid-substance of the ACL would be at
increased risk for injury due to tissue strain especially when the knee is in extension.31,32
To normalize the ICNW to anthropometric measurements at the knee, the Notch
Width Index (NWI) was devised.33 The NWI is calculated as the ratio of the width of the
intercondylar notch to the width of the distal femur at the level of the popliteal groove as
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viewed on a tunnel view with a radiographic recording.33 Souryal and Freeman
hypothesized a NWI of 0.18 or less for females and 0.20 or less for males is at the point
of 'critical' stenosis for non-contact ACL injury risk.34 Stenosis should subsequently lead
to impingement and subsequent injury of the ACL tissue.

2.2.1.1.2 Femoral Intercondylar Notch Shape
Alterations in the intercondylar architecture may also help explain the sex
difference in ACL injury incidence. It has been noted that the femoral intercondylar
notch is more ‘A’ shaped in females than in males.35 This is to say the female femoral
intercondylar notch height is larger, but the notch angle is smaller relative to the notch in
males.35 This 'A' shape tends to narrow the available space for the ACL especially in
knee extension.35,36 The risk for stenosis would be even more likely, resulting in a
greater volume of repetitive trauma to the ACL tissue.

2.2.1.1.3 ICNW to ACL size ratio
Although females display narrower intercondylar notch angles than males,
research examining ICNW as it relates to non-contact ACL injury risk show inconclusive
results.30,37–42 This may be due in part to research reporting that stenosis in itself does not
increase risk of ACL injury in high risk activities.39 These findings may be partially due
to two reasons. Once adjusted for individual body height, no sex difference in notch
width exists between sexes.30,42 The volume of the ICNW is less in the normally shorter
female, yet the ACL is also smaller thus maintaining a balance of space in the
notch.30,35,42–44 One concern for this is that a smaller ACL contains decreased fibril
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concentration45 and decreased overall tissue strength46 in the ACL tissue. Nonetheless,
this decreased overall strength of the ACL tissue in females may be balanced with a
decreased external forces and moments due to decreased physical size and mass.30,46

2.2.1.2 Systemic Ligamentous Laxity
Intact capsular and ligamentous tissues contribute to joint stability and minimize
joint laxity.47,48(p38) Excessive joint laxity due to either a systemic concern or
compromised capsuloligamentous tissues may cause sequential injuries to occur.47,49–52
When these injuries occur, they may be ligamentous, meniscal or both.49,53–56
Systemic joint laxity is impacted by a variety of factors including sex.57–63
Research has shown that post-pubertal females have greater generalized joint laxity than
their male counterparts.57–62 Even as adults, females have greater anterior knee laxity
than adult males.61,62,64–66 Additionally, even with sex affecting generalized joint laxity,
excessive accessory joint motion does occur in both sexes.49,57,59,60
Generalized joint laxity has been identified as a risk factor specifically to ACL
injury.49,50,65 Yet, if systematic joint laxity seen in females is the sole cause of elevated
ACL injury incidence, one would expect a similar elevated relative incidence in
ligamentous injuries at other LE joints. Interestingly, the existing literature does not
support that premise. Field and court-based female athletes have shown no difference in
incidence of ankle or hip joint injuries versus their sport-matched male counterparts.67,68
The majority of the elevated ACL injury risk in females then must be explained by other
causes.
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2.2.1.3 Static Anatomical Measurements
Several authors have investigated static anatomical measurements to better predict
ACL injury risk. Static anatomical measurements assess segmental architecture or
alignments. As female and male anatomy differs considerably, differences in anatomical
measurements may explain the sex difference in injury rates. Obtaining static LE
segment position measurements have the benefit of being minimally to moderately
invasive. Among the more frequently reported static measurements are pelvic
positioning, navicular bone alignment, and quadriceps angle (Q-angle) of the quadriceps
musculature.69,70

2.2.1.3.1 Pelvic Positioning
Although comprised of the same bony components, the male and female pelvis
differs in positioning of the skeletal structures. Specifically, it has been shown that adult
females display a greater anterior pelvic tilt,69,71 and greater hip anteversion than adult
males.71 When joined with measurements of navicular drop and knee positioning, hip
positioning did explain a small to moderate amount of variance in anterior knee laxity, an
established ACL injury risk factor.72 Additionally, Shultz et al found similar amounts of
the variance in anterior knee laxity were explained between the two sexes (26.5% in
males and 28.1% in females).72

2.2.1.3.2 Subtalar Joint Pronation
The position of the navicular bone and the subtalar joint at the ankle of the
weight-bearing limb may also affect the load on the ACL.69,70,73,74 Excessive pronation in
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the weight-bearing subtalar joint (navicular drop) is thought to induce a series of
alterations through the lower kinetic chain (LKC) proximally.73 As hypothesized by
Tiberio,73 with subtalar pronation the calcaneus moves into eversion, the head of the talus
pronates and slides medially resulting in a subsequent medial rotation of the leg. Medial
rotation of the leg on the femur lengthens and increases load on the ACL.75 Any
additional load on the ACL may exceed the tissue tolerance and result in tissue injury.74
Woodford-Rogers et al reported that the combination of navicular drop and
anterior knee laxity are correlated with group membership into ACL injured and noninjured groups (P< .01).60 Despite statistical significance, the amount of variance
explained by the combination of navicular drop and anterior knee laxity was limited
(22%).60 It is also not possible to note from the study whether the navicular position and
anterior knee laxity caused the ACL injury or if the ACL injury caused the increased
knee laxity and navicular positioning.
Stabilization of the navicular bone can occur with the use of orthotic foot beds.
Implementation of this strategy can improve navicular positioning, but navicular drop
scores have not been conclusively related to impact forces during single leg landings.76
Nonetheless, if the Tiberio scenario73 upon the lower kinetic chain is correct, efforts to
counter the dropped navicular should reduce the measured load on the ACL tissue. In an
effort to ascertain this point, Joseph et al utilized a repeated measures, laboratory study to
assess effects of footbeds with medial posts upon knee valgus and navicular positioning
on drop jump landing in female collegiate athletes.77 Nevertheless, the authors were able
to show significant decreases in knee valgus and navicular drop with footbeds while
double limb landings (DLL).77 Others have reported inconclusive results on navicular
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positioning upon ACL injury risk.78–83 Based upon current evidence, navicular drop and
anterior knee laxity unfortunately offer limited identification of ACL injury risk.60

2.2.1.3.3 Quadriceps Angle
The Q-angle is a measurement of the line of pull through the quadriceps
musculature and is typically measured through the angle created by three points: the
Anterior Superior Iliac Spine, the midpoint of the patella and the tibial tubercle.84–86
Post-pubertal females have been shown to have higher Q-angles on average than an agematched male sample.69,71,84–86
Although not attributed to Q-angle alone, females were found to have valgus
frontal-plane alignment during single-limb landing more often than men.11 This
alignment was found to correlate to a larger peak external valgus moment in a static
condition.87 Pantano et al88 did note that there was no significant difference between high
and low Q-angle participants with either dynamic knee valgus moments or static knee
valgus.
To date, it has not been possible to correlate differences in static Q-angle to risk of
ACL injury.69,84 A challenge in assessing the role of the Q-angle in ACL injury risk
would be the questionable validity (statistically significant differences between clinical
and radiological measurements P= .004 to .05) and reliability (varying from ICC= .22 to
1.00) of this clinical measurement.85 If an improved clinical measure of the Q-angle is
created, it is possible that the role of the Q-angle, if any, will become more defined. Until
that point, alternate risk reduction strategies should receive higher research priority.
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2.2.1.4 Anatomical Risk Factors Summary
Anatomical architecture and alignment have been investigated as to their impact
on ACL injury risk. The literature indicates a sex difference with LE alignment and
position. Even with anatomical differences between sexes, previous research has shown
that there is no single statistically significant static alignment or combinations of segment
positions which alone explains the increased sex difference in ACL injury incidence.

2.2.2 Hormonal Risk Factors
Another intrinsic factor that differs between males and females is hormonal
profile.89,90 The influence of these chemicals provides another possible explanation to the
difference in ACL injury incidences. The literature identifies the primary sex hormones
of interest for ACL injury risk as estrogen, progesterone and relaxin.89,90
The prevalence of each estrogen, progesterone and relaxin varies throughout the
menstrual cycle.89,90 There is also a great degree of individual variation of hormonal
levels, balance and release timing during the menstrual cycle.57,59,89–91 Previous
investigations have utilized different strategies for assessment of menstrual cycle phase
status each with varying effectiveness.58,92 Among these strategies are monitoring of
basal temperature, serum assays, ovulation predictor tests and simply counting days from
the start of menstruation based upon an anticipated 28-day cycle.58,89,92
The menstrual cycle most commonly lasts 26-32 days and is frequently divided
into phases based upon hormonal concentrations [FIGURE 1].89,93 The menstrual cycle
begins with the onset of menses (day 1). The first (Follicular) phase lasts for nine to 11
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days and is characterized by low levels of both estrogen and progesterone but rising
levels of relaxin. Levels of both estrogen and progesterone surge around day 13-15 with
the release of an egg in the second (Ovulatory) phase. During the ovulatory phase,
estrogen and relaxin levels decrease while progesterone levels steadily rise. The third
(Luteal) phase lasts from the end of the ovulatory phase to the start of the menses. This
phase is hormonally characterized by initially lower estrogen, substantially higher
progesterone, and rising relaxin levels. During the luteal phase, progesterone has the
greatest concentration of the
three hormones mentioned.
There is limited
evidence indicating female
ACL tissue from living
participants have receptor sites
for sex hormones94–96 while
males do not.95 This

Figure 1 - Ovarian Hormone Prevalence During the Menstrual
Cycle.

receptiveness to sex hormones in females on ACL tissue affects injury risk in three ways.
In a laboratory setting, estrogen and progesterone have been shown to decrease the size
and number of ACL fibrils,97 which allows for decreased tensile strength of the ACL.46
Interestingly, this change in fibrils only occurs between the 3rd and 5th day of novel
exposure to estrogen or progesterone suggesting elevated injury risk at the transition
between menstrual cycle phases. Exposure to estrogen and progesterone have also been
shown to increase ACL tissue laxity in a static condition in human females.98 Thirdly,
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female sex hormones also reduce collagen synthesis rate and thereby weaken ACL
tissue.99
Another possible pathway for sex hormones to affect joint stability may be
through altered neuromuscular control. Sex hormone receptor sites have also been noted
on contractile tissue in humans.100 Subsequently, it was reported that the effect of sex
hormones on these receptor sites affect the quality, speed and degree of muscular
contraction.101,102 The role of sex hormones on neuromuscular control is not unequivocal.
While some have noted a sex difference, other studies suggest that the role sex hormones
play on contractile tissue function through the menstrual cycle is limited.91,92,103–106
The literature has detailed varying rates of ACL injury incidence in the three
phases of the menstrual cycle. There is evidence that during the follicular phase, an
individual may be at elevated risk for an ACL injury compared to other phases of the
menstrual cycle.58,107 There are also studies that suggest the risk factor is similarly high
in both the follicular and luteal phases.108,109 Further, investigations note the highest risk
occurs in the ovulatory phase,93,110 with additional studies suggesting risk elevates in the
menstrual or pre-menstrual phase.111,112 In contrast to these studies, there is evidence of
no significant change in laxity over the menstrual cycle.57–59,113–116 To date, the literature
appears inconclusive as to a unified and direct relationship between sex hormones and
risk of non-contact ACL injury.
Examination of hormonal responses to living human ACL tissue has been limited
by practical considerations. Investigations exploring the effect of hormones on living
tissue would require consistent surgical access to the femoral intercondylar space and an
intact ACL. Unfortunately, variations in individual hormonal levels and assessment of
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specific point in the menstrual cycle also provide further challenges to confirmation of
hormonal effect, if any.

2.2.3 Intrinsic Risk Factors Summary
The research conclusions to the causal effect of intrinsic risk factors on ACL tears
are less than equivocal. Additionally, intrinsic risk factors to ACL injury offer less
practicality to intervention due to the drastic or invasive measures required to alter many
identified risk factors. To make such changes might require prophylactic pharmaceutical
or surgical interventions. Each of these interventions would present their own risks to the
individual’s overall health.
One such anatomical alteration would be to alter the shape of the intercondylar
notch through surgery. Risk considerations to notchplasty include: reaction to
anesthesia,117 surgical site infections,118 collateral damage during the surgery such as loss
of knee extension,119 and the need for further surgical intervention.119 Additionally, the
surgical procedure may not be immediately effective at achieving the pre-operative
objectives.120
Although hormonal fluctuations may be managed with continuous or extendedcycle oral contraceptive (OC) regimens, utilization of these medications also offers
additional health risks. Health risks to OC utilization includes: increased risk of venous
thromboembolism, 121 arterial thrombosis,121 and increased risk of cardiovascular
concerns such as hypertension.122 Regimens of OCs may also increase the risk of
developing non-cancerous liver tumors123 and increased risk of certain forms of cancer.124
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Implementing changes to the intrinsic ACL injury risk factors might require
invasive measures without robust and unequivocal evidence for support. The net benefit
to the individual may then be minimal at best. The implementation of non-invasive
interventions to reduce ACL injury risk would be a preferred strategy for health care
professionals.

2.3 Extrinsic Risk Factors
Factors that impact the risk of ACL injury that exist outside of the human body
are classified as 'extrinsic' concerns.1 Extrinsic factors are understood as being under a
greater degree of control than intrinsic risk factors.19 As such, these factors are sensitive
to modification as a means of reducing ACL injury risk. Extrinsic factors have been
classified into Environmental and Biomechanical risks.1,10

2.3.1 Environmental Risk Factors
The role of the environment has been investigated as a factor for ACL injury
incidence. One identified environmental ACL injury risk factor is increased coefficient
of friction at the shoe-surface interface (SSI)125,126 There are several variables identified
in the literature that affect friction at the SSI. Among previously investigated variables
are cleat design,125,127,128 field temperature,129 field moisture levels,12,130 surface
type.128,131,132
The nature of athletic competition is to optimize individual performance. The
desire for improved athletic performance may even be so robust as to include the
consciously accepted elevated risk of injury or illness.133,134 As an example, an increase
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in friction at the SSI allows for improved sport performance in field- and court-based
sports.125 Various footwear designs are commercially available which provide increased
SSI friction. Nonetheless, increased friction at the SSI is significantly related to elevated
ACL injury risk behaviors [reduced knee flexion angles (20.60±8.3º to 23.38±7.6º, P<
.01) and increased external valgus moment at the knee (-.10±1.8% body weight*height to
1.10±1.1% body weight*height, P< .001)].126 By choosing footwear to optimize
performance, the athlete may be doing so at an elevated risk of ACL injury.
Field temperature can affect ACL injury incidence risk. Orchard et al noted a
direct risk reduction in ACL injury in male American football players playing in cold
weather at outdoor stadiums versus those either playing indoors or in warmer venues at
the same point in the competitive season.129 The authors suggested that reduced friction
at the SSI occurred on outdoor playing fields in cold weather versus the other playing
conditions. Despite their conclusions, the investigators did not quantify the friction at the
SSI. As such, the authors were unable to determine that the change in ACL injury risk
was due directly to friction changes seen with these field surface or weather variables.
Drier grass surfaces also increase risk of ACL injury in Australian Rules Football
players.130 The authors believed that increased traction occurred with drier surfaces than
with wet surfaces. As with the Orchard et al study, the authors were unable to make a
direct connection of ACL injury risk to SSI friction without quantifying the SSI friction.
Different playing surfaces are known to offer different degrees of SSI
friction.127,128 Even without consideration to the specificity of footwear selection,
specific competitive surfaces such as all-purpose composites, wood parquet, natural grass
and artificial turf have been shown to affect SSI friction.127,128 Orchard et al is the only
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study to report on the role of a specific competitive surface (rye grass) and decreased
ACL injury risk versus another similar surface (Bermuda grass) [relative risk 1.87, 95%
CI 1.26-2.77].131
The literature to date has not been able to conclusively show there is a direct
connection between friction at the SSI and a change in ACL injury incidence. The
research has also not explored the role of SSI friction to conclusively explain the sexbased differences in non-contact ACL injury incidence. As such, utilization of quantified
SSI friction offers little value for prediction of ACL injury risk through GRFs.

2.3.2 Biomechanical Risk Factors
The effect of various biomechanical behaviors on ACL injury risk have been
investigated for several decades.135 This is due in part to the recognized plastic nature of
biomechanical behaviors with training. The literature classifies biomechanical risk
factors into two general groups: Landing and Cutting Risk Factors11 and Neuromuscular
Risk Factors.1

2.3.2.1 Landing and Cutting Risk Factors
In an effort to understand common mechanisms of ACL injury, Dufek and Bates
examined the relationship of landing forces to injury.136 They reported that a high
percentage of LE injuries occur during landing (approximately 60% of total injuries) and
in jumping sports. From this, the authors concluded that a strong relationship exists
between landing forces and LE injury.136 Additionally, jump landing with a rapid
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deceleration137,138 or a cutting motion139 have been established as specific mechanisms
for lower limb injury as well.
Injuries during jump landing and cutting may occur with or without influence of
body contact from a competitor. That is to say, the mechanism of injury may be contact
or non-contact in nature. Noyes et al reported that non-contact mechanisms are the most
common mechanism for ACL injuries.140 In their orthopaedic practice, they noted that
78% of all reported ACL injuries were non-contact in nature.140 This is further supported
by Agel et al’s findings that in NCAA soccer and basketball athletes, non-contact
mechanisms were responsible for between 70.1% (male) and 75.7% (female) of all ACL
injuries.141
The use of one versus two lower extremities for landing and cutting affects the
joint motions and forces.142 Because of this, differences between these two landing
strategies should be taken into consideration when exploring injury risk factors. The
controlled examination of non-contact landing and cutting behaviors with single and
double limb landings is possible in a laboratory setting. This should allow for a
controlled and yet realistic environment to examine ACL injury risk factors.
Exploration of landing and cutting behaviors may be examined by the study of the
landing kinematics and kinetics involved. Kinematics is the study of motion that
describes “the motion of the body without regard to the forces and torques that may
produce the motion”.48(p3) To better understand joint injury risk, kinematic assessment
would be utilized to quantify positions and movements of joint angles or body segments.
In contrast, the study of the effects of forces and torques on the body is described by
kinetics.48(p11)
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2.3.2.1.1 Landing Kinematics
Kinematic analysis of landing strategies begins with examination of alignment of
lumbopelvic and LE joint angles and segments at both initial ground contact (IC) and
joint excursion after making ground contact (EXC).143 Lower extremity alignment
affects the forces and torques generated at each LE joint during landing.48(pp69-70) The
alignment of one joint or body segment can also have effects on other LE alignments. As
an example, motion at the hip and knee affects how the foot is positioned for ground
contact. Conversely, alignment of the foot at ground contact may affect alignment
proximally up the LE. Understanding the alignment and position of each joint in the LE
in each plane of motion is essential to understanding ACL injury risk.
The kinematic examination of landing and cutting behavior is commonly
described as occurring in the three cardinal planes of motion. These cardinal planes are
the sagittal, frontal and transverse planes.48(p5) The sagittal plane runs vertically from
anterior to posterior dividing the body into left and right halves. Axes of rotation for the
sagittal plane are oriented at a right angle to the plane running right to left. The frontal
plane can be described as running vertically dividing the body into anterior and posterior
dimensions. Axes of rotation for the frontal plane are oriented at a right angle to the
plane running anterior to posterior. The transverse plane runs horizontally effectively
dividing the body into superior and inferior portions. Axes of rotation run in a vertical
orientation, that is superiorly to inferiorly. Even as each plane is commonly utilized
separately to describe motion at each joint, utilization of multiple planes concurrently
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may better describe the motion that occurs at the knee. This review will reflect that
approach.

2.3.2.1.1.1 Sagittal Plane Kinematics
Alignment of the tissue fibers suggests that the ACL primarily restricts translation
of the femur on the tibia in the sagittal plane when the foot is in contact with the
ground.48(p449),144 Joint alignment both proximally and distally to the knee affects how the
tibiofemoral joint is aligned. Understanding sagittal plane alignment throughout the
lower extremity would be of value to understanding ACL injury risk. Sagittal plane joint
and segment alignments of interest for ACL injury risk include the trunk, hip, knee and
ankle positions.

2.3.2.1.1.1.1 Sagittal Plane Trunk / Hip Motion
Trunk and hip joint angles with landing are each identified as areas of ACL injury
risk interest in the literature. At IC, placing the trunk in greater amounts of extension has
been shown to elevate injury risk.137,145 Conversely, increasing trunk flexion EXC during
landing has been shown to decrease the vertical landing force that must be
dissipated.146,147 It has also been reported that smaller (less flexion) trunk angles at
landing occur in ACL injured individuals than in those with an intact ACL.148 As with
trunk EXC, greater hip flexion EXC should minimize the landing forces throughout the
LKC that must be dissipated. Indeed, it has been shown that greater hip flexion EXC
correlates to decreased measures of landing forces (P< .001).149
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Greater trunk and hip flexion at landing may provide a tactical disadvantage in
field and court sports as greater joint EXC requires an extended time period.150 Actions
in these sports require combinations of motions in reduced time windows for greater
success. Because of this, athletes in these sports may elect not to utilize this strategy for
landing energy dissipation. Increased joint EXC then, may be a viable option for
dissipating landing energy in some, but not all activities.
Females and males do exhibit different sagittal plane landing behaviors. There is
a sex difference noted with hip flexion EXC, with females displaying greater EXC during
double limb landing (DLL) than males.151,152 In contrast, previous investigations have
shown sagittal plane hip joint angles at initial contact (IC) are not different between sexes
with DLL or single limb landing (SLL).146,151,152 There is also no sex difference noted at
the hip joint with SLL EXC.153

2.3.2.1.1.1.2 Sagittal Plane Knee Motion
The literature has explored sagittal plane knee joint kinematics in various
populations and landing scenarios. The majority of studies note that females make
ground contact from landing with the knee joint closer to extension in both dDLL154–157
and SLL15,158 versus males. Females also display decreased knee flexion EXC after
contact.137,147,159–165 An extended tibiofemoral joint at and immediately after landing
places greater strain upon the ACL than when the knee is flexed.166 ACL bundles
achieve their greatest length and should therefore be under greatest load as the knee
approaches full extension.167 Additional load placed on the ACL with the knee closer to
full extension should be more likely to have a deleterious effect on the tissue.
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As knee flexion EXC increases, vertical landing forces decrease.14,162,168,169 Yu et
al found that a substantially flexed LE posture at IC did not reduce impact forces at
landing, but hip and knee joint EXC did.149 Dissipating landing energy with greater knee
joint EXC therefore should lower the risk of ACL injury.143,170 Teaching athletes to flex
their hips, knees and ankles upon landing has even been advocated by several
investigators as a strategy to reduce force.150,171,172 The success of this strategy is
supported with research showing greater EXC decreasing ACL injury incidence in
competitions that allow time for such motions (dance / gymnastics).173 Unfortunately,
field and court sports do not tactically allow for such extended periods of time to
dissipate force.150

2.3.2.1.1.1.3 Sagittal Plane Ankle Motion
Limitations in dorsiflexion have previously been associated with a variety of LE
injuries174–179 and with elevated ACL injury risk.176,177 Wahlstedt and Rasmussen-Barr
noted decreased ankle dorsiflexion (DFL) in individuals who had previously injured their
ACL versus the ankles of those with intact ACLs (F1.55= 13.0, P< .001).176 Decreased
DFL correlates to a lower degree of knee flexion and thus a greater risk of ACL injury at
landing (r= .464, P= .029).174 Yu et al noted that passive range of motion (ROM) at the
ankle has been shown to affect the forces at landing.149 In addition, Fong et al noted that
passive ankle DFL has been shown to predict 17% of the variance in landing forces.174
As limitations in DFL indicate increased risk of injury, assessment of passive DFL
range of motion might provide information capable of describing ACL injury risk. In
addition to assessing ankle dorsiflexion in the traditional open kinematic manner, it may
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be equally if not more advantageous to assess closed kinematic chain ankle dorsiflexion.
Limitations to closed kinematic chain ankle dorsiflexion would require altered knee and
hip flexion EXC and consequently affect force attenuation with landing.

2.3.2.1.1.4 Sagittal Plane Motion Summary
Joint alignment and motion in the sagittal plane can describe GRF and ACL
injury risk. Greater trunk, hip and knee flexion excursion decrease GRFs and therefore
ACL injury risk. In activities where the utilization of such joint position strategies is
feasible, greater flexion at these joint should be employed. On the other hand, utilizing
greater trunk, hip and knee joint flexion at landing may provide a tactical disadvantage in
field and court sports. Sagittal plane ankle motion (dorsiflexion) is also of value to
predict individuals who land with greater GRF and greater ACL injury risk.
As landing occurs with a fixed foot, the utilization of a DFL measurement should
occur in that manner. Despite this, the literature indicates that DFL measurements taken
with a non-fixed foot are correlated with ACL injury risk. The utilization of DFL
measurements with both a fixed and non-fixed foot should provide information to predict
GRFs and therefore ACL injury risk.

2.3.2.1.1.2 Transverse / Frontal Plane Kinematics
One motion at the knee the literature has identified as an ACL injury risk factor is
increased knee abduction, also referred to as knee valgus.180 Knee abduction is a frontal
plane motion where the leg moves laterally in relation to the thigh with the axis of motion
running anterior to posterior at the tibiofemoral joint. The addition of transverse plane
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motion such as femoral medial rotation to valgus further elevates the load on the ACL
and the possibility of tissue damage.74,181,182
Of even greater concern than an isolated knee valgus is a sequence of
simultaneously occurring frontal and transverse joint motions which may result in what
has been deemed ‘valgus collapse’.137,138,158,183 Quatman et al defined valgus collapse as
a combination of the trunk rotated away from the landing limb, hip adducted and
medially rotated, and leg rotated either medially or laterally.183 The following sections
discuss ACL injury patterns of combined motion in the frontal and transverse planes.

2.3.2.1.1.2.1 Transverse / Frontal Plane Hip Motion
As with sagittal plane motion, ACL injury risk may be identified with
lumbopelvic segment motion in the transverse and frontal planes. Individuals with an
ACL injury displayed the greatest lateral trunk lean towards the side of the support
limb.184 Zazulak et al determined that lateral trunk lean while landing on a single limb
was the strongest predictor of their investigated variables for ACL injury group
membership.184 Lateral trunk lean increases the movement of the body’s center of mass
laterally from the base of support.185 In doing so, trunk lean during a single limb landing
can cause a sequence resulting in isolated knee valgus.185
Females display greater hip adduction at IC than males,161 but there is
disagreement as to sex differences with hip EXC. Some authors report that versus males,
females have increased hip adduction156 and medial rotation,156 while others have
reported no significant frontal and transverse plane sex differences at the hip with either
SLL72,151,161 or DLL.151,161 It has also been noted that even with increased relative hip
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abduction with DLL versus SLL on both sexes,142,161 the differences were not significant
(P> .05).161
The ACL is substantially stressed when the hip is adducted72,161,186–188 and
medially rotated on a fixed leg.189 Decreased strength of the hip lateral rotators and
abductors should lead to knee valgus and elevated risk of ACL injury. Supporting this,
Carcia et al examined knee valgus angle during a double limb landing task following a
hip abductor fatigue protocol.190 The authors found that individuals landed in a greater
amount of valgus in the post-fatigue condition. It should be noted that while the
differences were statistically significant, these differences were only less than a degree of
knee valgus.
Lawrence et al191 examined the influence of hip external rotation strength on
sagittal and frontal plane knee kinematics. The investigators did not find an association
between hip external rotators strength and sagittal or frontal plane knee kinematics.
Unfortunately, the authors did not report data related to transverse plane motion where a
difference might have been evident given the eccentric function of the hip external
rotators at landing. Interestingly, Zazulak et al192 reported that females activated their
gluteus maximus to a lesser extent when compared to their male counterparts during a
landing task. Similarly, the investigators did not report transverse plane data but rather
sagittal plane knee kinematic data immediately following landing only.
While these studies did not report transverse plane kinematics associated with
landing, increased femoral rotation EXC has been shown to occur with decreased gluteus
maximus activation in a collegiate aged population.193 This supports the notion that the
hip external rotator musculature controls femoral rotation during an eccentric activity.
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Additional study investigating the roles and responsibilities of the hip external rotators
and abductors during a landing task to control transverse plane motion for both single and
double leg landings should be warranted.

2.3.2.1.1.2.2 Transverse / Frontal Plane Knee Motion
Excessive transverse and frontal plane motion at the knee can elevate ACL tissue
load. In fact, it has been shown that an increase of as little as 5º of knee valgus may
increase the load on the ACL six times that versus with the knee in neutral position.194
Chaudhari et al noted that 10º of knee valgus decreased the landing force threshold to
induce an ACL injury to half of that of neutral LE alignment (5.1 x body mass to 2.2 x
body mass).195 Additionally, Hewett et al determined peak knee valgus EXC predicted
ACL injury (P< .001).13
It is important to understand that knee valgus may be influenced by both proximal
and distal joint kinematics. Proximally, knee valgus angle increases when the hip is
positioned in greater amounts of adduction.190 Likewise, knee valgus angle increases
when the distally located ankle and foot are in greater amounts of pronation.77
The literature is not in agreement as to any sex differences with isolated knee
valgus with landing activity. Kernozek et al noted a two-degree greater valgus difference
in females versus males at IC during a single leg drop landing151 and Ford et al noted a
significantly greater valgus in females versus males with a single leg sharp angle change
in direction.196 With DLL, some authors have noted increased valgus EXC in females
versus males,151,170,197,198 while others have noted no sex difference.199,200
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2.3.2.1.1.2.3 Transverse / Frontal Plane Ankle Motion
Frontal and transverse plane motions at the foot and ankle involved with ACL
injury risk are those which may facilitate a valgus moment at the knee such as medial
rotation of the leg182 and pronation at the rearfoot.77 It has been described by Tiberio that
uncontrolled pronation of a fixed foot causes medial rotation of the leg.73 In the presence
of knee valgus, medial tibial rotation increases ACL load and risk of injury.74,181,182 One
practical measure of pronation (navicular drop test) has shown ACL injured individuals
displayed greater pronation than those with an intact ACL.79 The conclusion drawn as to
the direction of the relationship though was not uniform.82 Even though there is no
reported sex difference in pronation at IC, females display considerably greater pronation
EXC during drop landings.151
Orthotic beds have been utilized to successfully reduce medial tibial rotation.201
These footbeds have reduced knee valgus both at IC (P< .01) and at peak EXC (P< .01)
during the landing phase of a drop jump task.77 To date, no investigation of orthotic foot
beds to prospectively reduce ACL injury incidence has occurred.

2.3.2.1.1.2.4 Transverse / Frontal Plane Motion Summary
Knee valgus is one identified ACL injury risk factor, increasing ACL load
considerably. A simultaneous combination of LE actions known as valgus collapse is
believed to further load the ACL.137,138,158,183 Valgus collapse has been identified as a
combination of lateral trunk rotation away from the landing limb, hip eccentric adduction
and medial rotation, and either medial or lateral leg rotation.183 The literature is not in
agreement as to any sex differences with isolated knee valgus with landing activity but
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noted that females display decreased hip musculature activation that may lead to
increased femoral rotation.

2.3.2.1.1.3 Single Versus Double Limb Landing
In the literature, there are kinematic and kinetic differences between single-limb
and double limb landings. These differences are in response to the body’s center of mass
supported over a smaller base of support with a SLL versus a DLL. In addition, the base
of support is shifted laterally with the SLL versus the DLL. The body’s response to the
lateral shift and small base of support can be seen in joint positions throughout the
landing LE.
Versus the DLL, the SLL is characterized by increased trunk flexion EXC,161
decreased hip flexion EXC,202 and increased hip adduction.161 At the knee, there is
decreased knee flexion EXC153,161,202 and increased knee valgus EXC with a SLL versus
DLL.161 Additionally, at the ankle and foot, there is increased dorsiflexion EXC with
SLL versus DLL.202 As energy absorption occurs with greater joint EXC, these reported
behaviors are in agreement with Yeow et al who noted decreased sagittal plane
absorption at the knee in SLL versus DLL (P< .001), but increased energy absorption at
the hip and ankle (P< .001)203
Pappas et al hypothesized that the SLL alignment decreases the body center of
mass external moment arm in the sagittal plane versus a DLL.161 By doing so, this allows
the knee extensors to more effectively balance the internal torques versus the external
torques. This joint alignment nonetheless, requires the knee joint to remain near full
extension. If the knee extensors are incapable of generating adequate internal torque, the
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contractile tissues may be unable to stabilize the joint. The result increases the risk of a
capsuloligamentous injury to the knee.
SLL landing behaviors at the knee include ACL injury risk factors of decreased
knee flexion and valgus EXC and greater demand on one LE for force dissipation when
compared to DLL. The literature also shows ACL injuries occur more frequently with a
unilateral landing than DLL.138 Because of this, examination of ACL injury risk behavior
would be better served observing SLL versus DLL behaviors.
Although investigations have reported sex differences in landing technique,
conclusions are not universally agreed upon.15,204 Swartz et al suggests the differences
may be related to other factors such as the maturation stage of the individual and not
sex.204 Utilization of a SLL to explore ACL injury risk behaviors would be a prudent
choice for both sexes.

2.3.2.1.1.4 Landing Kinematics Summary
Several joint behaviors throughout the LE have been identified with decreased
energy dissipation at IC and EXC and therefore, with elevated ACL injury risk. Injuries
to the ACL occur more frequently with SLL than DLL. Assessment of joint motion at
the hip, knee and ankle with SLL then offers the practitioner means to identify those at
elevated ACL risk. Previously identified ACL risk factors such as valgus collapse
involve multiple joint motions in multiple planes. As such, any screening mechanism
should consider evaluation at the hip, knee and ankle and in multiple planes.
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2.3.2.1.2 Landing Kinetics
In contrast to kinematics, kinetics is the study of the effects of moments and
forces about the body.48(p11) Examination of landing kinetics involve analyzing moments
about the LE joints and landing forces to be absorbed by the LKC. The moments
throughout the LE which are most commonly associated with non-contact ACL injury
risk occur at the hip and knee. Forces about the LKC that have been researched in
regard to ACL injury risk are shear forces and GRFs. Whereas GRFs are commonly
examined independent of moments about joints, shear force at the knee may be greatly
affected by moments about the knee. Therefore, these two are commonly examined
together.

2.3.2.1.2.1 Moments about the Hip
As noted above, motion at the hip impacts position and motion at the knee.
Although hip motion in the sagittal plane affects sagittal plane motion at the knee, the
effect of frontal and transverse plane hip motion on the knee has seen a greater emphasis
in the literature. Hewett et al reported that hip adduction moments significantly correlate
to knee valgus moments in female athletes (r= .69, P< .05).13 As elevated knee valgus
moments correlate with increased risk of ACL injury (r= .74, P< .001),13 hip adduction
moments should indirectly affect ACL injury risk.
When knee valgus is combined with poorly controlled hip medial rotation, the
cumulative effects further increase ACL strain.205 In fact, Mizuno et al noted that as little
as 10 N knee valgus moment combined with 10 N femoral medial rotation moment was
enough to elevate ACL strain.205 Elevated moments in these two motions each directly
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increase ACL injury risk. When combined, the risk is further elevated. Minimization of
combined hip abduction and medial rotation moments then are important to reduce ACL
injury risk.

2.3.2.1.2.2 Moments about the Knee
Increased knee extensor strength increases the amount of landing energy
absorbed.206 Conversely, a knee extension moment with the knee approaching extension
has been shown to increase strain on the ACL both in vivo207 and in vitro.208 So much so,
an aggressive simulated knee extensor force applied to cadaveric knees alone was enough
to rupture almost half of the samples.208
A tibiofemoral shear force may result from an anterior pull of the quadriceps on
the proximal tibia with the knee in extension.72 Due to the quadriceps line of pull
through the patella though, the amount of knee extensor peak torque and degree of shear
force is dependent upon the tibiofemoral joint angle.14,209 The literature indicates that
greater shearing occurs with an active knee extension moment and the knee joint angle
between 0º and 30º,210 40º211 or 50º212 of degrees of flexion. Peak anterior tibial shear
force has been shown to occur between 15º212,213 and 16-19º214 of knee flexion with a
knee extensor moment and an unfixed foot. A knee extensor moment with a fixed foot
does increase the knee joint flexion angle of peak anterior tibial shear force to 23º-40º in
the sagittal plane.214
The literature also indicates that the higher the value of the posterior GRF, the
greater the activation of the quadriceps musculature.13,139,152 The greater the quadriceps
contraction, the greater possibility of a knee extension moment and subsequent proximal
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anterior tibial shear force. Thus, landing with the knee near extension and a more
posterior GRF are each ACL injury risk factors. As females have been shown to rely
more on the knee extensors for landing energy dissipation than males,72,156,170,215 this
offers a possible partial explanation as to the sex difference in ACL injury rates.
The reduction of the knee extensor moment may be controlled in part by timely
and forceful contraction of the knee flexors. The literature shows reduced ACL strain
with increased knee flexor force as the knee approaches extension.216,217 The
maintenance of a balance between the activation and strength of the knee extensors and
flexors is essential to minimize injury risk.
It is important to note that the literature is not entirely uniform that a quadriceps
contraction in knee extension with a fixed foot or non-fixed foot increases strain on the
ACL.14,15,207,208,218,219 Bodor described how a knee extensor moment with a fixed foot
may place a net posterior force on the proximal leg.218 It is important to remember that
joint angles and forces in the LKC are cumulative and examination of function
throughout the limb is essential to understanding injury risk.220

2.3.2.1.2.3 Vertical GRF
As the body transitions from a dynamic to a static mass during cutting or landing
activity, energy must be attenuated or dissipated. That is to say, all external forces must
be resolved with internal forces when analyzing landing energy.48(p69) The literature has
previously identified the inability to dissipate energy from landing or rapidly changing
direction as an ACL injury risk factor.13–15 If the muscles of the body are unable to
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dissipate landing energy, the energy must be transferred to other tissues such as the joint
capsule and ligaments.221
Accordance to Newton’s First Law of Motion, in reaction to the body landing, the
ground generates a force in the opposite direction and equal in magnitude.48(p61) The
GRF value is measured not only with a vertical
vector (GRFz), but also with posterior and lateral
vectors (GRFy, GRFx respectively) following the
right-hand rule of axis [FIGURE 2].222(p86) A
greater GRFz would indicate a larger downward
force by the body and a subsequent greater upward
force from the ground. The GRFs then are vectorspecific measures of landing energy that is not

Figure 2 – GRF axis according to the
Right-Hand Rule

resolved by the internal forces through the
contractile tissues.
In vivo studies show that maximal ACL loading occurs at peak GRFz.149,223 It
follows that body mass normalized peak GRFz is correlated with ACL injury risk.13,15
Lin et al noted in a Stochastic analysis that ACL injured individuals had a statistically
elevated GRFz (P= .025 to .037) at injury.15 In addition, Hewett et al noted that
normalized GRFz prospectively predicted ACL injury in a sample of teenage females. In
their study, athletes who would go on to later damage their ACL had a 20% higher GRFz
(P< .05) than athletes who would not become injured.13
It is recognized there is a sex difference in nGRFz with landing.47,151,202 Female
recreational athletes have been shown to display greater normalized GRFs when
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compared to a group of male recreational athletes.15 Similarly, female collegiate athletes
demonstrate higher normalized GRFz than male counterparts.224 Research has also
shown that higher normalized GRFs are not only evident in females but also in those with
ACL injuries.13,47,147,164,206,225 The predictive method of GRFs to ACL injury incidence
then, suggest that measurement of GRFs seems to be an ideal strategy to identify those
with elevated ACL injury risk.

2.3.2.1.2.4 Posterior GRF
A GRFy indicates that the mass of the individual is decelerating while moving
forward over the point of ground contact. Additionally, GRFy is correlated with GRFz
(r= .67; P< .001)149 which, previously stated, is an ACL injury risk factor.
Posterior GRF is also correlated with proximal anterior tibial shear force (r= .82, P<
.001) which affects ACL tissue load.149 In fact, both Yu et al and Cerulli et al have
reported that maximal ACL loading occurs at peak GRFy and GRFz.149,223 It follows that
elevated normalized GRFy also increases risk of ACL injury.15,139
A common device for accurately measuring both posterior and vertical ground
reaction force is a multi-axis forceplate. This device requires proctoring by an individual
with specialized training. In addition, a dedicated lab setting with minimal interference
from vibrations and electronic interference is also essential. As such, this arrangement is
not practical with regards to recording large numbers of individuals in a setting common
to those at elevated risk for ACL injury. If a strategy to predict GRFz and GRFy that is
practical and cost-effective existed, an ideal method to identify those at elevated ACL
injury risk would be available to those most at risk.
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2.3.2.1.2.5 Landing Kinetics Summary
Joint kinetics at landing are examined by researchers and clinicians in an attempt
to better understand dissipation of landing forces and thus ACL injury risk. The time
window in which ACL injury occurs after landing however, precludes accurate
assessment by all but those with specialized training or equipment. Quantification of
GRFz and GRFy are measures recognized in the literature as a means to understand nondissipated landing energy. Even so, measurements of GRFs are not practical in the
settings where ACL injury incidences are elevated.

2.3.2.2 Neuromuscular Risk Factors
Neuromuscular systems encompass the muscular and neurological systems.
Muscular performance includes measures such as strength and power. The neurological
system includes both afferent (sensory) and efferent (motor) function. These structures
then coordinate the speed, quality and degree of contraction of the muscular system. For
purposes of this literature review, neuromuscular risk factors are further broken down in
the literature into Muscle Performance (muscular) and Muscle Activation (neurological).

2.3.2.2.1 Muscle Performance
The only tissues in the human body that can actively generate force are
muscles.222(pp46-47) The amount of joint stability and tissue strain at the knee are
dependent upon the applied forces and torques.143,168,222(pp69-70),226 It follows that
contraction of muscle tissues can alter stability and strain at the knee. Understanding the
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strength and power of muscles at the hip, knee and ankle should allow for a greater
understanding of ACL injury risk.

2.3.2.2.1.1 Strength about the Trunk and Hip Joints
Muscle performance throughout the LKC plays a role in ACL injury risk. Given
that activation of the musculature remains consistent, improvements in LE muscular
strength should also increase muscular output. Increases in muscular strength and power
should improve LKC kinematics or kinetics which are ACL injury risk factors. The result
should be a decreased injury incidence.
Lumbopelvic positioning indirectly affects knee position and alignment through
control of the hip joint. In support for this, Zazulak et al noted that measure of trunk
displacement could retrospectively predict membership in an ACL injured group.184
Their method for these measures required three-dimensional motion analysis equipment
in a laboratory setting. As such, this would not provide a practical identification method
for screening purposes. Lawrence et al noted that activation of the hip lateral rotators
quantified by electromyography predicted knee valgus moments (r2= .22, P= .005) and
subsequent anterior shear forces on the knee joint (r2= .20, P= .008).191 Additionally,
isometric strength of the hip lateral rotator also predicted landing forces (r2= .22, P=
.005).191 Their findings suggest the hip lateral rotators play a multifaceted roll in landing
energy dissipation and thus ACL injury risk. Quantification of hip lateral rotator strength
may be obtained with a handheld dynamometer (HHD), which is a common device found
in many clinical settings. Understanding the strength of the hip lateral rotators with such
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a device should provide information on an individual’s potential landing energy
dissipation, valgus moments and shear force and therefore, elevated ACL injury risk.

2.3.2.2.1.2 Strength About the Knee Joint
As with strength about the lumbopelvic joints, strength about the knee joint can
also play a role in ACL injury risk. Active muscle contraction can increase joint
stiffness.227–229 Stiffness is defined as the ratio of stress to strain in visco-elastic
tissue.48(p12) Increased active stiffness through greater strength reduces loads on passive
restraints without loss of joint stability.216,227 Activities to promote active stiffness
through greater strength may reduce capsuloligamentous injury risk.230
At the knee, stability can be controlled via contraction of individual or multiple
muscles simultaneously. Individually, the quadriceps muscle group has been researched
as a source of knee stability.231 However, greater knee extension moments through
aggressive quadriceps contraction has been shown to increase the proximal tibial anterior
shear force.72 Other muscle contractions such as the soleus232,233 and gastrocnemius have
also been explored230,231 as a source of stability at the knee.
The combined effect of multiple muscles is also able to decrease the load on
passive restraints without losing joint stability. This activation of an agonist / antagonist
muscle pair is often referred to as a co-contraction. The muscle group most commonly
investigated to co-contract along with the quadriceps in order to affect joint stability at
the knee is the hamstrings.217,221,227,234–236 Co-contraction of the H:Q has been shown to
decrease load on the ACL.234 In addition, H:Q peak torque ratios of less than 75% are
associated with lower extremity injury in NCAA athletes (2= 3.9, P< .05) .237
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As risk of reduced lower extremity injury occurs with an H:Q ratio of 75% or
greater, quantification of knee flexion: knee extension strength ratios should provide a
measure to assess ACL injury risk. This has been measured in various methods, but the
use of an HHD to measure knee flexion and extension peak torque has been previously
examined.238 The use of an HHD then provides a practical method to assess H:Q ratio in
an active / athletic setting.

2.3.2.2.1.3 Assessment of Performance from Multiple Muscles
The literature suggests the strength of multiple LE muscles working together
affect force dissipation and thus prevent injury to the passive restraints at the knee.
Unfortunately, assessment of each muscle involved would require considerable time.
Due to the extended testing time necessary, this strategy is not practical for the active /
athletic setting. Utilization of a method to assess cumulative LE strength should provide
an effective estimate of potential force absorption.
The amount of output a muscle may generate is related to the muscle crosssectional area (r= 0.51-0.92)239–241 and the total mass of the muscle unit.242(pp60-61) An
individual who is able to generate greater energy dissipation through the musculature
should have larger muscles. Larger volume and mass of the muscles which dissipate
landing energy should increase the individual’s overall mass and also the percentage of
musculature versus other tissues in the individual. Yet, simply determining the
individual’s overall mass could prove problematic if an individual has a greater mass due
to greater adiposity. Likewise, percentage of body composition alone limits information
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as to the mass of the musculature. Accurate differentiation of increased muscle mass
versus increased overall mass is required.
A practical measure of greater combined muscular cross-section throughout the
body could occur with an assessment of an individual’s Fat Free Mass (FFM).243 This
value estimates all non-adipose tissue in the body based upon the body’s density and can
be measured in a variety of methods. One body density assessment method that is
commonly performed in athletic settings occurs through the utilization of sub-dermal
skinfold thickness at select body sites.243(pp49-65) Various formulæ using skinfold
measurements for FFM estimation are readily available. Many FFM determination
methods utilize a limited number of readily assessable skinfold sites. Determination of
an individual’s FFM should allow for information about the mass of an individual’s
muscle mass. The individual’s muscle mass could in theory provide a practical
assessment of an individual’s ability to dissipate landing force.

2.3.2.2.1.4 Muscular Power
Strength is measured as the amount of mass moved over a distance without
benefit of a time constraint.48(p60) However, ACL injuries are believed to occur in a very
short amount of time after IC.158,244 Indeed, Norcross et al have reported that increased
initial energy absorption (first 0.1s after IC) is inversely related to peak GRFz with DLL
(r= -.534, P= .004).245 Researchers and clinicians would benefit from understanding the
peak output a muscle can generate in a very short time after IC. The measure of muscular
strength over time is muscular power.48(pp61-62)
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In an athletic setting, there are several common tests of LE muscular power. One
practical method to assess LE muscular power is the use of functional tests. One such
functional measure, the Margaria-Kalamen test, ascertains muscular power by measuring
the time it takes the body’s mass to traverse over a known distance. Greater mass or a
smaller time window for the movement then results in a greater power value. The results
of this test should identify individuals who are able to generate rapid muscular output and
thus, reduced landing forces.

2.3.2.2.2. Muscle Activation
Although strength is important to dissipate force and move body segments,
improvements in joint kinematics and segment movements may also occur through
improved neuromuscular control.185,186,246 These neuromuscular gains affect movement
either segmentally247,248 or throughout the extremity.17,249–260 When muscle activation is
limited, the changes may result from either limited sensory (afferent)61,261,262 or motor
(efferent) signals.261–264

2.3.2.2.2.1 Factors Affecting Activation
Neuromuscular activation may be affected by a variety of factors. Among these
factors are existing joint laxity, joint position awareness and previous injury.
Significantly longer muscle response times (P= .013)263 and nerve conduction velocity
(P= .02)261 were noted in individuals with increased knee laxity. Additionally, joint
proprioception is inversely influenced by ACL laxity.261 Awareness of joint position also
affects nerve firing speed. Specifically, decreased proprioception occurs as the knee
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moves into extension (P= .039).61 When a female’s awareness of LE joint position is
increased by even 1º, nerve speed was decreased (P= .01).261 Previous injury to the ACL
also may decrease muscle activation. Greater time to stabilize after jump landing has
been shown in ACL deficient individuals of both sexes.262,265 Due to excessive body
motion during the time to stabilize, joint kinematic and kinetic changes throughout the
LKC may result. In ACL reconstructed females, body center of mass stabilization after
SLL took longer than those with intact ACLs (2.01±0.5s, P= .05)262 Extended time to
stabilize is not the only concern with impaired balance. Unplanned perturbation has been
shown to increase knee valgus in computer simulations.266
There is evidence of a reflex arc between the ACL and the hamstrings
musculature in both animal and human models.267,268 Tsuda et al267 demonstrated that
this reflex existed but utilized only male human participants in their study. If this reflex
is present in both sexes, this would assist with explanation of decreased muscle activation
in ACL deficient and ACL reconstructed participants versus healthy participants.
Additional factors may affect nerve speed. Neuromuscular control is sex269 and
maturational level-specific.269,270 As females mature post-puberty, relative neurological
control decreases versus age-matched males.270 As noted in section 2.2.2, these
maturational level differences in muscle activation may be due in part to the effects of
sex hormones.101,102
Thankfully, neuromuscular control and muscle activation do have a level of
plasticity.271,272 Because of this, muscle activation patterns are seen as a means to
indirectly control ACL injury risk. As evidence, after training with acute ACL injured
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individuals, improved muscle firing patterns and decreased peak knee flexion angles were
seen versus those with intact ACLs.273
Utilization of practical measures for muscle activation can provide challenges to
the clinician working with at risk populations. Electromyographic recording equipment
can measure muscle activation, but is beyond the budget and practicality of most athletic
settings. The use of testing that requires multiple muscle contractions in a very limited
window might provide information assessing this affect.
Function at the knee after ACL injury has been previously assessed with the
Single Leg Triple Hop (SLTH) test.274–276 The literature supports the notion that a
decreased SLTH score indicates decreased function at the knee and specifically with the
ACL.276 This test requires the individual to perform three rapid single LE landings
(deceleration) with rapid transition to take off (acceleration). Ineffective neuromuscular
activation during the three rapid hops will result in a decreased test value. In doing so,
the SLTH becomes a practical, indirect measure of LE muscle activation and a source of
information regarding ACL injury risk.

2.3.2.3 Biomechanical Risk Factors Summary
Established ACL injury prevention programs have been shown to reduce the
incidence of ACL injuries.17,252,256,277 Decreases in GRFz, a known ACL injury risk
factor, were shown to occur with different forms of training programs and even feedback
on technique.13,150,172,278 Other biomechanical risk factors identified in the literature that
affect GRFs and amenable to practical interventions are joint motion at the hip, knee and
ankle; muscular strength of the hip lateral rotator muscular strength, and entire LE;
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hamstrings and quadriceps strength ratios; muscular power and activation of the lower
extremities. These findings support the premise that ACL injury risk identification might
occur with measures of these identified biomechanical factors. Preventative measures
could then be implemented to those identified at elevated risk for injury.

2.4 Risk Factor Summary
The following dilemma is thusly presented: ACL injury rates remain elevated and
are climbing in certain populations. Prevention programs are effective in reducing ACL
injury risk. These interventions nonetheless, present with large NNT, along with
demanding staff and resource requirements. Identified factors with a direct impact on
ACL injury risk are elevated GRFz and GRFy with single LE landing. These factors do
not provide practical measurement methods. If a practical and low-cost method of
predicting GRFs during single leg landing were devised, then an identification strategy
would be available for those at elevated risk for ACL injury. If the findings of this
investigation return similar results from previous investigations, the use of ankle DFL
passive range of motion (DPROM), isometric hip lateral rotation strength, the MK and
SLTH would cumulatively explain a considerable portion of the variance in predicting
GRF. In doing so, these measures should collectively predict those at elevated ACL
injury risk.
Even without the overlap of variance explained within these three variables, the
existing literature suggests that additional variance must be explained to optimize any
predictive model. We believe that the literature provides additional sources of
explanation for the variance in prediction of GRFs. Among these are H:Q strength ratios,
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amount of FFM and scores for the ODS. Data collection for these measures is practical
and cost-effective. Each may also be easily obtained in settings common to those who
succumb to ACL injuries.
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Chapter 3
Methods

3.1 Experimental Design
To investigate the ability of clinical measures and functional tests to predict
ground reaction forces, we utilized a quasi-experimental, descriptive design. Procedures
were performed in a controlled, university laboratory setting during a single 75-minute
session for each participant. The five clinical measures, two functional tests, and sex
served as the eight independent variables. The five clinical measures consisted of
determination of Fat Free Mass (FFM), ankle dorsiflexion passive range of motion
(DPROM), LE range of motion with the overhead deep squat (ODS), hip lateral rotator
muscles peak force (HipLR), and hamstring to quadriceps peak force ratio (H:Q). The
two functional tests were the Margaria-Kalamen test (MK) and the Single Leg Triple
Hop test (SLTH). Fat free mass normalized vertical (nGRFz) and posterior ground
reaction forces (nGRFy) ascertained during a single limb drop landing served as the two
dependent variables.

3.2 Participants
The initial inclusion criteria required participants to be active, healthy collegiateaged individuals between the ages of 18-24. To investigate any sex differences with the
dependent or independent variables, equal numbers of females and males were tested.
All participants self-reported they participated in physical activity an average of three or
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more days per week in the past six months. Participants were excluded from
participation in the study if: 1) they had any lower extremity (LE) joint surgery, 2) selfreported any neurological or neuromotor condition which may affect muscle strength or
coordination, 3) utilized crutches for any LE injury over the last six months, 4)
participated in any formal rehabilitation program for a LE injury in the past six months,
or 5) could not perform any of the required testing procedures in the investigation.
As FFM equations assume the body fluids are within specific parameters,243 any
factor affecting normal body fluid levels would limit an individual’s immediate study
participation. To this end, individuals were instructed during scheduling to avoid
alcohol, caffeine, diuretics or excessive amounts of fluid 12-hours prior to the testing
session.243 To reduce the error associated with fluid retention in females, testing was not
scheduled seven days before or after the self-reported start of menstruation.279(p64) In
addition, individuals were instructed not to exercise within six hours of study
participation as exercise causes fluid shifts to the skin and peripheral muscles.280 The
participants were also instructed to refrain from large meals prior to the testing session as
has been established practice with skinfold measurements.280

3.3 Instrumentation
There were nine research instruments utilized in this investigation with additional
items to optimize results. A scientific grade medical beam balance scale (Jarden
Corporation; Rye, NY) was utilized to determine the participant’s height and mass. A
skinfold caliper (Lange, Beta Technologies, Santa Cruz, CA) was employed to measure
subcutaneous skinfolds for calculation of body density. To measure passive non-weight
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bearing ankle dorsiflexion, we utilized a standard goniometer (JA Preston, Jackson, MI).
A four-foot segment of polyvinyl chloride pipe (North American Pipe Corporation,
Houston, TX) was utilized for the ODS. For the 10-minute warm up, the participants
utilized a stationary bicycle ergometer (Monarch Ergo-Medic Monarch; Vansbro,
Sweden). A six-degree of freedom forceplate (Bertec Corporation; Columbus, OH)
coupled with Datapac 2000 software (Run Technologies, Laguna Hills, CA) provided
kinetic data to determine ground reaction forces during the drop landing. A hand held
dynamometer (Lafayette Manual Muscle Test System, Model 01165, Lafayette
Instruments, Lafayette, IN) was utilized to measure the peak force of maximal isometric
contraction for the hip lateral rotators, knee extensor and knee flexors. For the two
functional tests, the distance measured with the SLTH was measured with a standard tape
measure (American Guidance Service, Inc., Circle Pines, MN) and a pressure-switch
triggered digital timer (Lafayette Instrument; Lafayette, IN) was utilized for
determination of timing with the MK. The proper steps for participant contact during the
MK test were marked with small, brightly-colored cones (Lakeside Plastics, Oshkosh,
WI).

3.4 Procedures
Upon arrival to the Kristen L. McMaster Memorial Motion Analysis Lab in the
Rangos School of Health Sciences, all experimental details were explained and questions
answered. Upon obtaining written informed consent and reviewing all inclusion and
exclusion criteria, the individuals completed the Lower Extremity Function Screen
(LEFS).281 The LEFS is a 20-question, self-reported outcome measure to assess the
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presence of any LE functional limitation with established reliability and construct
validity.281–283 A score of less than 71 out of 80 points possible on the screen suggests
limits in LE functional ability. A score of less than 71 was then used as the point to
excuse the individual from further participation in this investigation. Following the
LEFS, the individual was prompted by the lead investigator to perform the tests of the
Beighton Hypermobility Scale.284 Individuals with hypermobility are at elevated risk for
joint injury versus the general population.285 As such, inclusion of a hypermobile
individual violates the assumption of our sample characteristics. The range for joint
laxity as quantified by the Beighton scale ranges from 4 in children285 to 6 in college-age
individuals286 in the literature. So, if a Beighton score of greater than 6 of 9 possible
points was noted, the current study’s college-age individual was excused from further
participation. The lead investigator performed a passive range of motion screen for the
participant’s hip, knee and ankle joints assuring that the individual displayed adequate
passive range of motion (ROM) for safely performing the investigation tasks.
Height and mass of the participant was
determined with the utilization of a scientific grade
medical beam balance scale (Jarden Corporation;
Rye, NY). Participant sex, age and self-reported
number of days performing physical activity over the
past year was also recorded. The participant then
stood on a 35-cm high wooden platform with their
toes on the leading edge of the platform and hands on
their iliac crests [FIGURE 3]. While maintaining
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Figure 3- Participant Body Positioning
for the Drop-Land

their hands on their hips, the participant leaned forward and off the platform, landing on
one foot with no additional secondary hop. The foot chosen for landing by the participant
on two out of three trials was defined as the dominant LE.287 Prior to the first trial,
participants were informed that to prevent a fall, they may utilize a two-foot landing. In
the event this landing style occurred, the trial was discarded. In addition, an investigator
stood in close proximity to the landing location to optimize participant safety. The
investigator was not able to alter the descent or landing, but could assist subsequent to a
poor landing.
After determination of the dominant LE, quantification of independent and
dependent measures commenced. The test order was specified to prevent bias from fluid
redistribution due to exercise.243 Assessment was made of the variables in the following
order: participant’s fat free mass, ankle dorsiflexion range of motion while not weight
bearing, LE joint range of motion assessment and quantification of the subject’s GRFs.

Test 1 – Fat Free Mass (FFM) Assessment
There are many methods to assessing body
density through skinfold thickness
measurements.243(pp49-65) One common method
arose from the work of Jackson and Pollock.288
Cross validation correlation coefficients of body
density estimates between the Jackson-Pollock
three-site skinfold equation and hydrostatic weight

Figure 4 – Hand Placement for Proper
Skinfold

have been reported at r= .82 for males and r= .85 for females.289 Skinfold measurements
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for the Jackson-Pollock method utilizes three body sites easily accessible without the
need for complete disrobing. For females,
skinfolds are taken at triceps, supra-iliac and at
the thigh sites. For males, the three skinfold sites
are the chest, the abdomen about the umbilicus
and at the thigh.
Intra-rater reliability for the sum of three
skinfold sites by the primary investigator has
been established as ‘clinically reliable’

Figure 5 - Skinfold Location and
Technique for the Triceps Brachi Site

[ICC(3,k)= .996, SEM= 2.826mm, P<

.001].290(p595) Previous research reports individual skinfold site reliability from ICC= .98,
SEM 2.12mm for the chest skinfold to ICC .971, SEM 2.42 for the thigh skinfold.291 For
these values, our reliability findings exceeded the
values in the literature.
The procedure for taking skinfolds in the
current investigation are modified from Heyward
and Wagner,243 and Jackson et al.291 To
minimize inter-tester error, the primary
investigator was the sole individual taking the
skinfold (SKF) measurements.291,292 In addition,

Figure 6 – Skinfold Location and
Technique for the Supra-Iliac Crest Site

the Lange calipers (Lange, Beta Technologies, Santa Cruz, CA) utilized exclusively in the
study were calibrated for measured distance prior to the start of the study.243(pp62-63),289
Lange calipers have a precision of 0.5mm and a mean caliper jaws pressure of 8.5
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g/mm2.243(p60) The participant’s skin was dry and free from lotion.243(p56) Sites for each
skinfold were taken on the right side of the body independent of participant’s side
dominance.243(p60) All SKF sites were identified, marked
and taken at each site in a rotating order.243,293 After the
first reading for all sites, the pattern was repeated for a
total of three readings243(p62,63) with the mean of the three
values at each site recorded. If any reading varied more
than 10%, additional readings were taken.243
At each SKF site, the skin at the identified site
was grasped by the thumb and index finger on a line
perpendicular to the long axis of the SKF site. The
index finger and thumb made skin contact four cm away

Figure 7 - Skinfold Location and
Technique for the Thigh Site

from either side of the identified long axis (eight cm
total) [FIGURE 4]. The skin was lifted one cm away from the body surface and this
SKF position was maintained.
The jaws of the caliper were placed
perpendicular to the fold, approximately one cm
below the thumb and index finger (at the body
surface) and the caliper ‘jaw’ pressure released
slowly. The SKF reading was taken four seconds
after the caliper jaw pressure was released. The
caliper jaw was released off of the SKF and the
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Figure 8 - Skinfold Location and Technique
for the Chest Site

caliper removed from the SKF site. The primary investigator then closed the caliper
slowly so as to reduce risk of caliper calibration loss.
The triceps SKF was taken on the lateral aspect of the triceps with the elbow bent
to 90º. This site was marked midpoint between the lateral projection of the acromion
process and the inferior margin of the olecranon process [FIGURE 5]. The supra-iliac
crest SKF was a diagonal fold taken superiorly from the iliac crest on line running
inferior from the anterior axillary line [FIGURE 6]. The thigh SKF was taken midpoint
between the inguinal crease and proximal border
of the patellar [FIGURE 7]. This thigh SKF was
taken with the participant’s body weight shifted
onto the left foot. The chest SKF was taken on a
diagonal fold, halfway between the anterior
axillary line and the nipple [FIGURE 8]. The
abdominal umbilicus SKF was taken on a vertical
Figure 9 - Skinfold Location and Technique
for the Abdominal Umbilicus Site

line two cm laterally from the umbilicus
[FIGURE 9].

The sum of the three skinfolds (3SKF) was calculated for each individual and
utilized in the following equations.243
For females:
STEP 1
Body Density (Db)= 1.0994921 – 0.0009929(3SKF) - 0.0000023(3SKF)2 0.0001392 (Age)
STEP 2
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Percent Body Fat (%BF) = [(4.95/Db) - 4.50] x 100
STEP 3
FFM = Body Mass - (Body Mass * % BF)
For males:
STEP 1
Db=

1.109380 – 0.0008267(3SKF) - 0.0000016(3SKF)2 - 0.0002574 (Age)

STEP 2
%BF = [(4.95/Db) - 4.50] x 100
STEP 3
FFM = Body Mass - (Body Mass * % BF)

Test 2 – Ankle Dorsiflexion Range of Motion (DPROM)
Measurement of DPROM is a practical and common clinical assessment. The use
of a standard goniometer is the only required tool and a mean range of motion may be
assessed from multiple measurements
in fewer than two minutes. Previous
work utilizing a standard goniometer
for DPROM has established the interrater reliability as ‘good’290(p595)
[ICC(2,3)= 0.85 to 0.96, SEM 1.8–
2.8°].294 The primary investigator’s

Figure 10 - Measurement of Ankle Dorsiflexion

intra-rater reliability of DPROM for
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this study was established as ‘clinically reliable’290(p595) [ICC(3,k)= 0.937, SEM= 1.669º,
P< .001] and is comparable to findings in the literature.
The participant took a supine position, with their upper body propped onto their
elbows and their ankle extending over the end of a padded, treatment plinth. The
participant’s knee was placed in full extension. In this position, the participant’s ankle
was passively moved into dorsiflexion to end range and measured with a standard
goniometer [FIGURE 10].175 The mean of three trials was utilized.

Test 3– Two-Legged, Overhead Deep Squat (ODS)
A practical assessment of fixed-foot trunk and LE motion can be ascertained with
the ODS test from the Functional Movement Screen.295 The ODS requires minimal time
and equipment and is easily performed in a limited space. Differences in kinematic
performance at the hip and knee have been detected with the
use of ODS scores.295 Furthermore, the reliability and
validity of the ODS as a screen has been previously
established.296 The intra-rater reliability of the Functional
Movement Screen grading system for ODC has been
previously established [ICC(3,1) = 0.76 (95%CI: 0.630.85)].296 This practically proctored test provides a
substantial level of agreement with reliability.290(p604),297
For completion of this activity, the participant was

Figure 11 – Overhead Deep
Squat Test Performed
Properly

first asked to stand upright with their feet shoulder width
apart and facing anteriorly. The participant was given a polyvinyl chloride 1” diameter

58

pipe (North American Pipe Company, Houston, TX) and asked to grab one end with each
hand as the pipe rested on top of their head. The participant’s hands were moved along
the length of the pipe until the participant had 90º of shoulder abduction and 90º of elbow
flexion. After confirmation of proper grip width by the lead investigator, the participant
was asked to elevate and keep the pipe overhead to main the parallel relationship of the
torso to the leg (shank). Once overhead, the participant was asked to squat down as low
as possible moving the lower extremities primarily in the sagittal plane while keeping
their heels on the floor. The participant was asked to continue the squat until their thighs
were below parallel with the floor and with their knees directly over their toes [FIGURE
11]. If the participant was able to complete the movement as described, for the purposes
of this investigation the subject received a ‘1’. If the participant was unable to complete
the activity as specifically detailed above and for any reason, they received a ‘0’.

Test 4 - Landing Kinetics
Participants performed a ten-minute warm-up on a stationary bike at a selfselected pace. The participant then stood on the 35-cm high wooden platform, with their
toes on the leading edge of the platform and hands on their iliac crests [FIGURE 3]. As
during the assessment of LE dominance, the participant leaned forward and off of the
platform maintaining their hands on their iliac crests, landing on one foot with no
additional secondary hop. For these landings, the participant performed a total of five
single-limb drop landings with the dominant LE onto a six-degree of freedom forceplate.
An inability to land in the middle of the forceplate, keep their hands on their iliac crests
or land without a secondary hop resulted in negation of that trial. The Bertec six-degree
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of freedom forceplate was set with a threshold of 13.345N and recorded 0.100s before
and 0.900 second after threshold force was met [Figure 12]. After five successful trials,
participants were given a three-minute rest before proceeding to the following test.

0.00msec.

1.25

Fz(1x)

Fy(1x)

0.55sec.

Figure 12 – Recording of Vertical and Posterior Ground Reaction Forces
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Participants performed the following tests in a counterbalanced order to reduce
the error associated with fatigue. In addition, a rest period of three minutes between each
of the randomized tests was provided to minimize the effects of fatigue on performance.

Test 5 – Lower Extremity Power measured with the Margaria-Kalamen Test (MK)
In a pilot study from our laboratory, 46.4% (GRFy) and 59.3% (GRFz) of variance
in GRFs was predicted with two easily performed and proctored functional tests in a
sample of NCAA Division I
female athletes from sports with
high volume of cutting and
jumping. The two functional tests
in that investigation were the
Margaria-Kalamen test and the

Figure 13- Performance of the Margaria-Kalamen Test (MK)

Single Leg Triple Hop test. The
tests requires the use of a timing device, a single flight of steps and a measuring tape.
The test may be proctored by one individual in only a few minutes of time.
The MK has been a standard of fitness testing since establishment in 1964 and has
a ‘good’ test-retest reliability (ICC= 0.73).298 The participant first stood with their toes
on a marked line, six-meters from and level with the first step of an 11-step staircase that
had a rise of 16.6 cm per step. A pressure-switch triggered digital timer (Lafayette
Instrument; Lafayette, IN) was placed on the third and ninth step. On the researcher's
signal, the participant ran from the starting mark as fast as possible and bound up the
stairway taking the steps three at a time (third, sixth, ninth) [FIGURE 13]. The timer
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started recording when the participant contacted the third step (placing at least 22.24 N of
pressure on the first pressure switch) and stopped recording when the participant
contacted the ninth step (placing at least 22.24 N of pressure on the second pressure
switch). To assure proper foot placement, the third, sixth and ninth steps were marked
with small brightly colored cones (Lakeview Plastics, Oshkosh, WI). The participant
completed three trials with a 20-second rest between each trial. The best performance
time (t) was used to calculate the participant’s peak power (P = [Mass x Vertical distance
between 9th & 3rd step] x 9.8 ÷ t).299

Test 6 - Test E - Single-Limb Triple Hop (SLTH)
The test-retest reliability of the SLTH has been established (ICC= 0.80-0.97)300,301
and previously utilized in assessing ACL function in collegiate-aged females.274–276,300 To
perform this test,
participants placed the heel
of their dominant LE at the
leading edge of a marked

Figure 14- Performance of the Single Leg Triple Hop (SLTH)

line while keeping their
hands on their iliac crests throughout the activity. They then performed three sequential,
dominant LE hops while achieving the greatest horizontal distance possible [FIGURE
14]. Participants were encouraged to spend the least amount of time possible in contact
with the ground until landing the third hop. Four practice trials were performed prior to
measured trials. The first practice trial was performed at 50% effort, the second at 75%
effort, and the third and fourth trial at maximal effort. The individual performed three
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maximal trials with a 15-second recovery between trials. This procedure is consistent
with previously established practice.302 Upon completion of each test trial, the
investigator measured the horizontal distance hopped from the starting line to the heel of
the third landing with a standard tape measure (American Guidance Service, Inc., Circle
Pines, MN). The mean of the three measured trials was utilized for data analysis.274,276,302

Test 7 – Hamstring to Quadriceps Ratio of Isometric Peak Force Contraction (H:Q)
The literature indicates that intersession intra-rater reliability for knee flexor
isometric peak force with an HHD has been established as ICC= .78 to .92 with a SEM
of .05 - .12 kg.238 Intersession intra-rater reliability knee extensor isometric peak force
with an HHD has been established as ICC= .70 to .92 with a SEM of .36 - .81 kg.238 Our
primary investigator has established intra-rater reliability for a handheld dynamometer at
[ICC(3,k)= .864, SEM= 23.232N, P= .003] for knee flexion and [ICC(3,k)= .870, SEM=
26.597N, P= .003] for knee extension. The SEM reported in the literature should
approximate .490N to 1.177N for knee flexion and 3.530N to 7.943N for knee extension.
Although our variance was elevated in comparison to the literature, our ICC is
comparable to reported values for ‘good’ and ‘clinically reliable’ intra-rater
reliability.290(p595) To calculate the H:Q, the ratio of Knee Flexor isometric peak force
(KF) was divided by Knee Extensor isometric peak force (KE).
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Knee Flexor Isometric Peak Force Contraction (KF)
At the knee, the primary joint extensors
are the quadriceps and flexors are the
hamstrings. With the hip and spine at neutral
position, knee flexor isometric peak torque
occurs near 0º.213 Even so, knee flexor
strength is commonly assessed in a seated
position with the hip and knee each at 90º of
flexion.238,303 Versus a typical landing position
this position decreases the relative hamstrings
tissue length at the knee, but increases the
length at the hip. Testing knee flexor strength
in a seated position then maintains the length:

Figure 15 – Isometric Peak Force for Knee
Flexors

tension relationship of the hamstring muscle group when compared to the position of the
joints during landing.
The participant was seated, with their upper body perpendicular to and with their
knee over the end of a padded, treatment plinth.304(p224) The participant’s arms were
crossed over the chest and the hands were kept open. The participant was instructed to
keep the torso upright and not lean backward or forward. With one hand, the investigator
held the HHD on the posterior side of the dominant LE just proximal to the level of the
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malleoli. The investigator’s other hand was placed on the anterior / distal aspect of the
thigh. The participant placed the knee in 90º of flexion [Figure 15].238,303 The
participant was instructed "push as hard as you can to bend the knee". The investigator
provided force in an effort to prevent movement of the dominant LE. The tested activity
period stopped upon noting movement in the participant’s leg against resistance but was
held for no more than five seconds. The participant was given a 30-second recovery
period between each test bout. Three successful repetitions were completed and the mean
peak force recorded was calculated. This value is recorded as the KF.

Knee Extensor Isometric Peak Force Contraction (KE)
As with testing KF, the participant was
seated, with their upper body perpendicular to
and with their knee over the end of a padded,
treatment plinth.304(p224) The participant’s arms
were crossed over the chest and the hands were
kept open. The participant was instructed to
keep the torso upright and not lean backward or
forward. With one hand, the investigator held
the HHD on the anterior side of the dominant
LE just proximal to the level of the malleoli.
The investigator’s other hand was placed on the

Figure 16 - Isometric Peak Force for Knee
Extensors

anterior / distal aspect of the thigh. The
participant placed the knee in 90º of flexion [Figure 16].238,303 The participant was
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instructed "push as hard as you can to straighten the knee". The investigator provided
force in an effort to prevent movement of the dominant LE. The tested activity period
stopped upon noting movement in the participant’s leg against resistance but was held for
no more than five seconds. The participant was given a 30-second recovery period
between each test bout. Three successful repetitions were completed and the mean peak
force recorded was calculated. This value is recorded as the KE.

Test 8 – Hip Lateral Rotator Isometric Peak Force Contraction (HipLR)
In assessing hip lateral rotator isometric
strength, Lawrence et al utilized an HHD
strapped onto an isokinetic dynamometer with
the individual in a seated position. In this
arrangement, they reported an ICC= .94 to
.98.3 This arrangement might allow for less
accessory motion and improved measurement
consistency, but due to the equipment required
is less practical at the target setting. Intra-rater
reliability of the current study’s primary

Figure 17 - Isometric Peak Force for Hip
Lateral Rotators

investigator using a HHD for assessment of
lateral hip rotator strength has been determined

without the use of a specialized padded seat and associated straps. In lieu of the padded
seat and straps, we utilized a simple seated position on a padded treatment table with the
hips and knee each at 90º of flexion, and the upper body upright without support. As
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with the KF / KE measures, the participant’s arms were crossed over the chest and the
hands were kept open. This position was simple enough to be duplicated in an athletic
setting. Even with the more simplistic testing arrangement, our intra-rater reliability is
comparable to the values reported by Lawrence et al and is deemed ‘clinically reliable’
[ICC(3,k)= .977, SEM= 9.419N, P< .001].290(p595)
To record the measure, the HHD was held against the participant by the
investigator at a point just proximal to the medial malleolus. The investigator’s other
hand applied counter-pressure over the lateral aspect of the distal thigh, just proximal to
the knee [FIGURE 17].304(p211) The participant was instructed "push as hard as you can
to move your ankle inward". The investigator provided force in an effort to prevent
lateral (external) rotation of the hip. The tested activity period stopped upon noting
movement in the participant’s leg against resistance but was held for no more than five
seconds. Three successful repetitions were completed and the mean peak force recorded
was calculated.

After completion of the seventh test, the participant’s involvement in the study
was complete.

3.5 Statistical Analyses
The three step calculation process above to determine the FFM was performed
and recorded for each participant. Landing data for nGRFz and nGRFy were signal
averaged and harvested within the Datapac 2000 software (Run Technologies; Laguna
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Hills, CA). The peak amplitude for GRFz and GRFy was subsequently normalized for
the individual’s FFM.
Data for all dependent and independent variables along with height, mass, age and
numbers of days participating in physical exercise each week were entered into a
statistical software package (SPSS-22, IBM; Armonk, NY) for analysis. Descriptive
statistics were compiled for all dependent and independent variables along with
demographic data. Two separate step-wise linear regression models using the ‘Enter’
method were calculated. One model predicted nGRFz while the second model predicted
nGRFy. Both models used the results from the independent variables (clinical and
functional tests) as the predictors. The coefficient of determination (r2) and analysis of
variance of regression from each model was examined along with an analysis of residuals
and outliers. Further, the inter-correlations amongst and between the independent and
dependent variables were assessed. Alpha levels for all analyses were set a priori at P ≤
.05.

3.6 Power Analysis
An a-priori power analysis was performed utilizing available statistical software
(G*Power v3.1.9.2, Düsseldorf, Germany). Sample size was calculated utilizing the
“Linear multiple regression: Fixed model, r2 deviation from zero” option in the “f2 Test”
menu. Effect size was calculated with Spearman’s rho values from our pilot study data
for the MK and SLTH and from the literature for DPROM,174 and HipLR.191 Spearman’s
rho values between GRFs and the other independent variables were not available in the
literature (ODS, FFM, H:Q, and sex). These correlations were entered into an effect size
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calculator in G*Power and large effect sizes were reported for GRFz (.998) and GRFy
(.829). These effect sizes were utilized along with level of significance at P≤ .05, desired
power at .80 and number of predictors at eight. G*Power returned a calculated sample
size of 25 for GRFz and 27 for GRFy to achieve our desired level of power. To account
for any error in estimating effect size, a sample of 42 (21 males and 21 females) were
recruited for participation in the current study.
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Chapter 4
Results

The Results are grouped into five areas: Demographic Analysis, Descriptive
Analysis, Correlation and Chi-Squared Analysis, Regression Analysis with Examination
of Residuals and Outliers, and Power Analysis.

4.1 Demographic Analysis
Forty-four individuals participated in the study, but two individuals were
excluded due to previous injury that might affect the sample assumptions. Of these two
individuals, one had been in a previously unreported rehabilitation program for a LE
muscular strain. The other individual had suffered a concussion which precluded her
participation due to elevated risk of lower extremity injury.305 Forty-two individuals
were then utilized in the final data analyses (21 females and 21 males). Descriptive
statistics for the participants are reported in Table 1. There was a decreased percentage
of left dominant LE in females [left dominant= 6 (28.571%); right dominant= 15,
(71.428%)] than in males [left dominant n= 9 (42.857%); right dominant n= 12,
(57.142%)].
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Table 1 - Analysis of Demographic Statistics
Female Mean ± SD

Male Mean ± SD

Age (years)

20.667±1.461

21.571±1.287

Sex Difference
Significance
P= .039*

Height (cm)

65.524±1.874

70.702±2.363

P< .001**

Mass (kg)

64.190±9.059

82.202±7.606

P< .001**

LEFS Score

79.524±1.250

79.143±1.558

P= .387

Beighton Score

2.095±1.640

0.476±.750

P< .001**

4.762±1.221

4.667±1.133

P= .795

Self-reported days active in past
six months
** Significance P< .01
* Significance P< .05

4.2 Descriptive Analysis
Means and standard deviations for all independent and dependent variables are
reported in Table 2. Time to peak GRFz occurred at .060±.014s, while time to peak
GRFy occurred at .035± .031s

Table 2 - Means and Standard Deviations for Independent and Dependent Variables
Variable

Female Mean ± SD

Male Mean ± SD

FFM

47.487±3.684 kg **

72.297±5.835 kg

Sex Difference
Significance
P< .001**

DPROM

17.444±5.015 º *

13.460±7.359 º

P= .047*

MK

946.761±159.423 Watts **

1412.310±225.437 Watts

P< .001**

SLTH

429.825±42.660 cm **

539.175±53.724

P< .001**

HipLR

145.623±27.041 N **

206.078±34.486 N

P< .001**

H:Q

0.828±0.137

0.767±0.092

P= .097

nGRFz

4.463±.896

4.061±0.935

P= .163

-2.816±0.989 FFM

P= .002**

nGRFy
-3.801±0.910 FFM**
** Significance P< .01
* Significance P< .05
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4.3 Correlation and Chi-Squared Analysis
A correlation matrix displaying the correlations amongst and between the
continuous independent variables for nGRFz is presented in Table 3. A correlation
matrix displaying the correlations amongst and between the continuous independent
variables for nGRFy is presented in Table 4. Point bi-serial correlations between the two
dichotomous variables (sex, ODS) and continuous measures are detailed in Table 5. Chi
squared analysis of the dichotomous independent variable (ODS) to sex is explored in
Table 6.

Table 3 – Correlation matrix for nGRFz and the Independent Variables
nGRFz

nGRFz
r= 1.00

SLTH

MK

DPROM

SLTH
r= -.399**
P= .009

MK
r= -.336*
P= .030

DPROM
r= -.335*
P= .030

H:Q
r= .309*
P= .047

FFM
r= -.258
P= .098

HipLR
r= -.186
P= .238

r= 1.00

r= .752**
P< .001

r= -.126
P= .427

r= -.407**
P= .008

r= .694**
P< .001

r= .511**
P< .001

r= 1.00

r= -.204
P= .195

r= -.417**
P= .006

r= .753**
P< .001

r= .657**
P< .001

r= 1.00

r= -.221
P= .159

r= -.295
P= .058

r= -.302
P= .052

r= 1.00

r= -.285
P= .068

r= -.316*
P= .042

r= 1.00

r= .711**
P< .001

H:Q

FFM

HipLR
** Significance P< .01
* Significance P< .05

r= 1.00
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Table 4 – Correlation matrix for nGRFy and the Independent Variables
nGRFy

nGRFy
r= 1.00

H:Q

H:Q
r= -.530**
P< .001

FFM
r= .528**
P< .001

MK
r= .521**
P< .001

SLTH
r= .459**
P= .002

HipLR
r= .400**
P= .009

DPROM
r= .228
P= .147

r= 1.00

r= -.285
P= .068

r= -.417**
P= .006

r= -.407**
P= .008

r= -.316*
P= .042

r= -.221
P= .159

r= 1.00

r= .753**
P< .001

r= .694**
P< .001

r= .711**
P< .001

r= -.295
P= .058

r= 1.00

r= 752**
P< .001

r= .657**
P< .001

r= -.204
P= .195

r= 1.00

r= -.511**
P= .001

r= -.126
P= .427

r= 1.00

r= -.302
P= .052

FFM

MK

SLTH

HipLR

DPROM
** Significance P< .01
* Significance P< .05

r= 1.00

Table 5 – Point Bi-Serial Correlations for Continuous Variables and Dichotomous
Variables
Sex

ODS

nGRFz
rpb= -.219
P= .163

nGRFy
rpb= .472**
P= .002

FFM
rpb= .934**
P< .001

DPROM
rpb= -.308*
P= .047

MK
rpb= .774**
P< .001

SLTH
rpb= .756**
P< .001

H:Q
rpb= .259
P= .097

HipLR
rpb=.707**
P< .001

rpb= -.267
P= .087

rpb=.095
P= .548

rpb= -.125
P= .429

rpb= .473**
P= .002

rpb= .075
P= .635

rpb= .095
P= .549

rpb= -.064
P= .688

rpb= -.095
P= .549

** Significance P< .01
* Significance P< .05

Table 6 – Pearson Chi-Squared Analysis for ODS and Sex
Female

Male

Number
Percent

Number
Percent
2
Pearson  = 1.524, P= .217

ODS – Fail
7
.333

ODS – Pass
14
.666

10
.476

11
.524
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4.4 Regression Analysis with Examination of Residuals and Outliers
Stepwise linear regression analysis of eight-predictor variable model for nGRFz
resulted in a statistically significant model (P= .048). Further evaluation however
indicated that the most parsimonious model occurred when utilizing only SLTH and
DPROM as predictor (independent) variables (Adjusted R2= .274; P=.001) [Table 7].
The mean of the standardized residuals for the model were .000± .976. The probability
plot for observed versus expected standardized residuals for the regression model is
displayed in Appendix C. Case-wise standard residuals for each variable included in the
model were less than the absolute value of three. The nGRFz model is expressed with
the equation: nGRFz= 7.868 -.006(SLTH) - .055(DPROM).

Table 7 - Regression Table for Stepwise Multiple Linear Regression Analysis for
nGRFz from Predictor Variables
Stepwise Linear Regression
Variable

Coefficient

Error

T

P

Model
Adjusted R2

Model P

Constant

7.868

.916

8.589

< .001

0.274

0.001

SLTH

-.006

0.002

-3.340

.002

DPROM

-.055

.019

-2.918

.006

Stepwise linear regression analysis of an eight-predictor variable model for
nGRFy also resulted in a statistically significant model (P= .001). Further evaluation
provided that the most parsimonious model occurred when utilizing only H:Q, FFM and
then DPROM as predictor (independent) variables. The resulting model had an Adjusted
R2= .476 and was significant P< .001 [Table 8]. The remaining predictor (independent)
variables did not significantly contribute to prediction of nGRFy. The mean of the
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standardized residuals for the model were .000± .964. The probability plot for observed
versus expected standardized residuals for the regression model is displayed in Appendix
D. Case-wise standard residuals for each variable included in the model were less than
the absolute value of three. The nGRFy model is expressed with the equation: nGRFy= 4.394 - 2.579(H:Q) + .041(FFM) + .041(DPROM).

Table 8 - Regression Table for Stepwise Multiple Linear Regression Analysis for
nGRFy Predictor Variables
Stepwise Linear Regression
Variable

Coefficient

Error

T

P

Model
Adjusted R2

Model P

Constant

-4.394

1.373

-3.200

.003

.476

<.001

H:Q

-2.579

1.070

-2.410

.021

FFM

.041

.010

4.197

<.001

DPROM

.041

.020

2.060

.046

4.5 Post Hoc Power Analysis
To determine post hoc power for each linear regression model, a Cohen’s f2 value
was first calculated from the regression models’ r2 value utilizing the equation f2= r2/(1r2). The resulting effect size was small to medium290(p649) for nGRFz (Cohen’s f2= .377)
and large290(p649) for nGRFy (Cohen’s f2= .908). The resultant effect sizes, sample size
and alpha error size was entered into a commercially available power analysis software
package (G*Power, v 3.1.2, Düsseldorf, Germany). The software generated a post hoc
power of .803 for the nGRFz regression model and .818 for the nGRFy regression model.
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Chapter 5
Discussion

5.1 Summary of Purposes, Hypotheses and Findings
The aim of this study was to generate predictive GRF models from clinical and
functional tests in a healthy and active college age population. We hypothesized that
such practical tests would predict a significant amount of variance in the regression
models based upon our pilot study work (MK, SLTH), previous literature (DPROM,149,174
HipLR,191 and sex15,47,151,152,154–158,202,224) and theory (H:Q, FFM, and ODS). Both
nGRFz and nGRFy could be significantly predicted in agreement with our hypotheses,
but this best occurred with the results of select and not all tested predictor variables. The
nGRFz model was able to explain 27% of the variance. In the nGRFy model, 48% of the
equation variance was explained by the select predictor variables. If validated with future
investigation, the nGRFy model could provide a practical identification method of
individuals with increased ACL injury risk in an active college age population. The
nGRFz model could provide a framework to further explore the predictive ability of
additional clinic and functional tests on vertical landing forces.

5.2 Examination of the nGRFz Model
Correlation and Chi-squared analyses of the independent (predictor) variables to
nGRFz indicated that SLTH, MK, DPROM and H:Q were significantly correlated to
nGRFz at P≤ .05. Two additional predictor variables were significantly correlated at the
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P≤ .10 level (ODS and FFM). The linear regression analysis specified that the use of all
eight independent variables returned a statistically significant model (P= .048). A stepwise analysis however denoted that the use of SLTH and DPROM generated a significant
model (P= .001). The addition of any of the other six independent variables did not
significantly add to the model’s predictive ability.
The distance achieved in the SLTH was inversely correlated to nGRFz (r= -.399,
P= .009) as was DPROM (r= -.336, P= .030). As the SLTH increased in distance, the
vertical landing energy was better dissipated. Also, as ankle passive dorsiflexion range
of motion increased, the vertical landing energy was better dissipated. The addition of
DPROM did add to the overall predictive ability (r= .138 to r= .274) and improve the
level of model statistical significance (P= .009 to P= .001). When utilized in the
regression analysis, MK and H:Q did not significantly add to the robustness of the model
(P= .409 and P= .907 respectively).
SLTH requires three successive cycles comprised of landing energy dissipation
and take off force generation all in an exceptionally short time window. In fact, the
more rapid and efficient the transition from landing to take off, the greater the SLTH
distance achieved.276 We know from previous works that the greater the rate of energy
dissipation in the first 0.1s, the lesser peak nGRFz.245 Our findings of an inverse
relationship between SLTH and nGRFz indeed showed that the greater distance the
individual is able to cover with the SLTH, the greater their ability to disperse vertical
landing energy with a dominant LE landing.
Hamilton et al275 showed that SLTH distance was a predictor of hamstrings peak
torque at 60º/s (r= .753, P< .01) and 180º/s (r= .745, P< .01). SLTH was also a predictor
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of quadriceps peak torque at 60º/s (r= .700, P< .01) and 180º/s (r= .767, P< .01).
Additionally, vertical jump height (r= .834, P<.01) was also correlated with SLTH. Each
of these measures examines muscular output at the knee. The high degree of correlation
between SLTH and other measures of muscular output may be why only one variable
measuring muscular output in the current investigation (SLTH) provided significant value
to the nGRFz regression.
The participants in our investigation displayed a greater ability to disperse vertical
landing energy when they displayed greater DPROM. Fong et al reported that this same
measure of ankle dorsiflexion also predicted vertical landing force.174 The authors of that
study did utilize a similarly described sample of active, college age student volunteers as
were used in our study. However, the authors determined LE dominance as the preferred
LE to maximally kick a ball in contrast to our methodology. Although it may be possible
there are different vertical landing energy dissipation characteristics between the
preferred LE for landing and for maximally kicking a ball, our findings did not suggest
this.
There was a significant correlation between ODS and DPROM (rpb= .473, P=
.002) in the current study. There was only significance at the P≤ .010 level between
ODS and nGRFz. (r= -.267, P= .087). Our findings support that ankle dorsiflexion taken
in a non-fixed foot position (DPROM) provided more information to predict nGRFz than
combined LE joint motion with a fixed-foot (ODS). It follows that since ODS utilized
ankle dorsiflexion range of motion as one of several components, the additional
information provided by the ODS was not beneficial to the predictive ability of the
model. The ODS describes active LE joint ranges of motion with gravity. The most
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likely factors contrasting ODS to DPROM involve motion at the knee, hip and
thoracolumbar joints and the muscular control against gravity.
None of the additional independent variables were able to significantly add to the
predictive ability of the model beyond the use of SLTH and DPROM. As SLTH and MK
were significantly correlated (r= .752, P< .001), the information that each variable
provided to the regression overlapped. Individually, FFM (r= -.258, P= .098), and
HipLR (r= -.186, P= .238) were not significantly correlated to nGRFz. Our findings
were contradictory to the rationale we presented for selection of these variables. SLTH
was significantly correlated to FFM (r= .694, P< .001), HipLR (r= .511, P= .001), H:Q
(r= -.407, P= .008). As such, the information provided by FFM, MK and H:Q to the
model was better addressed by SLTH.

5.3 Examination of the nGRFy Model
Correlation and Chi-squared analyses of the independent (predictor) variables to
nGRFy specified that six variables were significantly correlated at P≤ .05 to nGRFy
These variables were the H:Q (r= -.530, P< .001), FFM (r= .528, P< .001), MK (r= .521,
P< .001), SLTH (r= .459, P= .002), HipLR (r= .400, P= .009) and sex (rpb= .469, P=
.002). The remaining independent variables were not significantly correlated to nGRFy.
These variables were DPROM (P= .147) and ODS (P= .476).
The linear regression modeling confirmed that the use of all eight variables
returned a statistically significant model (r2= .476, P= .001). From the step-wise analysis
though, the regression using only H:Q, FFM and DPROM generated the most economical
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model (r2= .479, P< .001). The addition of other five predictor variables did not
significantly add to the predictive ability of the model.
As used in this investigation, GRFy was a vector measurement with both direction
and magnitude represented in the reported value. To better interpret the relationship of
predictor variables in the nGRFy model, one would have to understand the meaning of
the GRFy vector. As recorded, a larger positive value specified a greater force and in an
anterior direction. A greater negative value specified a more robust posterior GRFy. A
zero value represented neither a net anterior nor posterior force.
To better understand the relationship between nGRFy and H:Q, we examined
each of the vector components separately. Since all peak GRFy values were negative, the
direction of the GRFy for all participants was posterior. By utilizing an absolute value of
FFM normalized GRFy, we were able to quantify the dependent variable as a measure of
posterior magnitude only. We confirmed that the magnitude of the correlations and
regression analysis did not change when using the non-absolute FFM normalized GRFy
value. Taken together, as a participant in our study displayed greater peak hamstring
force relative to their peak quadriceps force, the individual landed with a greater posterior
GRF. This finding is contrary to the rationale proposed in section 2.3.2.2.1.3. We had
proposed that an increased H:Q peak force ratio should decrease the posterior GRF by
preventing anterior translation of the tibia with a co-contraction. This inverse
relationship between the H:Q and nGRFy provides support for the protective mechanism
of the quadriceps proposed by Bodor.218 In that article, it was suggested that instead of
increasing the tibial shear force, a quadriceps contraction compresses the tibiofemoral
joint with a fixed foot and pulls the femur distally and anteriorly. In doing so, the
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quadriceps would decrease GRFy values at landing. Logerstedt et al noted decreased
quadriceps strength in NCAA athletes who continued to have self-reported knee function
limitations after ACL reconstruction.306 Rather than facilitating or causing an anterior
tibial shear force, their findings support the notion that increased quadriceps strength
relative to the hamstrings may provide improved force dissipation with landing.
Additionally, Schmitt et al reported that decreased quadriceps femoris strength was
associated with increased vertical ground reaction force in the weaker LE (P< .001).307
The second predictor variable in the nGRFy regression model (FFM) had a direct
influence on the dependent variable. As the FFM decreased, the magnitude of the
posterior GRF decreased (moved anteriorly). This finding agrees with the rationale
proposed in section 2.3.2.2.1.4 that the greater the individual’s FFM, the greater the
overall muscle mass of the individual. Subsequently, greater overall muscle mass should
increase the potential muscular output, and thus improve the landing energy dissipation
potential.
In section 2.3.2.2.1.3, we detailed our rationale for increased FFM leading to a
potentially increased muscular output. Successful ACL injury prevention programs have
placed an emphasis on muscular output. Programs that have focused on neurological
activation alone17,308,309 are reportedly less effective than those that address both
neurological and muscular components.256,277 The incorporation of activation and
muscular output variables in our GRF equations confirms the important role of both
components in landing energy dissipation.
The third predictor variable also had a direct influence on nGRFy, in that the
magnitude of the posterior GRF decreased as passive ankle dorsiflexion increased. This
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finding was in agreement with the rationale proposed for this investigation. As Fong et al
also reported,174 reduced ankle dorsiflexion decreased knee flexion at landing. Decreased
knee flexion could magnify the effect of any anterior pull of the quadriceps and thus any
shear force. This shear force could be recorded as a greater magnitude of posterior
GRF.149 Thus, decreased DPROM should increase the posterior vector of the GRFy.
Previous work has shown that landing energy dissipation and muscular output are
correlated.191 Our findings agree as nGRFy was significantly correlated with all, and
nGRFz most, of the muscular output variable values. It has also been noted that females
produce decreased peak muscular output versus males when not matched for mass or
maturational status.310,311 Our findings are in agreement with this as there were
significant correlations between sex and MK, SLTH, HipLR and FFM. Taken together,
these results raise the question of the apparent sex difference in ACL injury rate may
actually be from a sex difference in muscular output. This premise has been suggested by
others.269 It would behoove future investigators to examine the role of muscle activation
and increased FFM to landing energy dissipation in ACL injury prevention. In the case
of FFM, the authors believe this would be especially important in young female athletes,
which is a population at elevated risk of ACL injury.19–23

5.4 Selection of Variables
Previous research has explored a variety of methods to predict those who will
succumb to an ACL injury.13,312,313 Within any study participant pool, the frequency of
ACL injury is prospectively unknown. In response to this challenge, investigators have
utilized known ACL injury risk factors as a proxy for the actual
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injury.15,137,138,149,158,165,173,176,177,183,184,194,195 The potential for ACL injury incidence is
higher with larger sample pools. In the event a considerably larger sample is a viable
option, researchers have attempted to predict actual incidence rather that utilize ACL
injury risk factors as a proxy.
Lumbopelvic,149,184 knee137,138,158,173,183,194,195 and ankle joint angles176,177 at IC and
EXC have been utilized as proxies for ACL injury risk. Additionally, there are noted sex
differences with lumbopelvic,151,152 knee,15,154–158 and ankle joint kinematics151 at landing.
These kinematic differences have then been thought to partially explain the sex
differences with ACL injury rates. Despite these findings, the ability of joint kinematics
to describe ACL injury risk is not universally accepted.146,151–153 In support of this view,
the LESS,314 a commonly examined evaluation of landing kinematics was unable to
prospectively predict ACL injury in high school and college athletes.312 This may be due
in part to the LESS / LESS-RT utilizing a DLL versus an SLL. During a DLL, the body
displays different landing behaviors when compared to an SLL.161 The literature
suggests that behaviors more commonly associated with ACL injury occur with a SLL
than a DLL.142,161 Thus, we believe that our selection of SLL for examination would
provide a better platform to examine ACL injury risk.
Investigators have also explored models to predict joint kinetics that identify
those at elevated ACL injury risk. Myer et al attempted to prospectively predict knee
valgus moment from body mass index, knee flexion range of motion, tibia length, knee
abduction angle and peak knee extensor moment.165 The authors report that they were
able to predict a large percent (78%) of the variance in the knee valgus moment with the
predictor variables. However, one of their predictor variables required the utilization of
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three-dimensional motion analysis equipment synchronized to a forceplate. In spite of
the robust model generated with their results, this predictive strategy is not as practically
applied due to the availability and operation of the required equipment.
Sturnick et al utilized tibiofemoral architecture to successfully retrospectively
identify those who had suffered an ACL injury.313 Unfortunately, these measures
required the utilization of trained health care professionals and specialized equipment
(magnetic resonance imaging). As with prediction of knee extension moments, these
requirements present considerable challenges to their applications in an active / athletic
setting.
Elevated undissipated vertical13,15 and posterior15,139 landing energy are
commonly utilized proxies for ACL injury, and were also reported to predict ACL injury
incidence.13 Peak ACL load with both SLL223 and DLL149 occurs when peak GRFz and
GRFy occur.149,223 Thus, we chose to examine peak GRFs as a proxy for predicting ACL
injury incidence in the current investigation.
Video analysis has suggested that ACL injury failure occurs within a very limited
time window lasting from IC to as little as 0.1s.158,244 Observed peak GRFs are known to
occur within this 0.1s time window, while kinematic analysis of max EXC requires
considerably longer.150 If maximal loading of the ACL occurs when peak GRFs occur as
reported, examination of ACL injury risk should capture the moment when peak GRFs
occurs. Our data specified that mean time to peak GRFz occurred at .060±.014s, while
mean time to peak GRFy occurred at .035± .031s with both occurring well within the 0.1s
after IC time window. Based upon this, we believe our data provides evidence that our
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collection time window strategy for the dependent variables of 0.1s after IC captured the
moment when an ACL would potentially be damaged during an SLL.
The sample in the current study utilized active, healthy college-aged students who
were not exclusively NCAA athletes. Our pilot study data utilized only female athletes
participating in landing and cutting sports at the NCAA-D1 level of competition. We
chose to examine a mix of active individuals and athletes in the current investigation to
improve the generalization of our study findings to a larger audience. We understand that
this also presents challenges due to variation of the ability of participants. With regard to
our selected dependent variables, we believe that the difference in NCAA athletes and
highly active college age participants does not greatly differ. Theiss et al examined the
landing kinematics of NCAA-D1 female and male athletes in comparison to competitive
club and intramural athletes.315 Their findings showed that there were no statistically
significant kinematic differences between groups. We were unable to find any evidence
for a competitive level difference in GRFs between elite and recreational athletes. Future
investigations to explore any differences in GRFs between NCAA athletes and active
individuals would potentially benefit application of ACL injury research.
There were several significant sex differences in our independent and dependent
variables. Among the results were expected differences in participant height, mass, FFM,
DPROM, HipLR, SLTH and MK. Previous investigations have described that sex
differences are expected in height, mass and FFM.30 Passive joint range of motion, as
seen with the DPROM, is also recognized to have a sex difference.57–62,64–66
Interestingly, there was no sex difference with ODS in our sample, despite evidence of
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one in the literature.316 We are unsure why no sex difference was observed, but may be
due to the level of activity in our sample.
The ODS is commonly scored on a 0-3 scale when utilized in the Functional
Movement Screen (FMS).296 Utilizing an ordinal variable in a regression equation
requires an equal number of regressions iterations as there are possible scores in that
variable. The utilization of four regression iterations (0-3) creates an additional source of
potential error. Our interest in utilizing the ODS was to determine if there was a
functional limitation of fixed foot LE joint range of motion. After receiving a LEFS of
greater than 71/80 and passing the manual range of motion screen, we assumed that there
would be no participants with a profound degree of limitation. The ODS was therefore
assessing LE limitation on either a ‘3’ or ‘2’ score within the FMS framework. The
utilization of a dichotomous score does not introduce as much possible error as an ordinal
score with four possible scores. As the information we were seeking could be provided
with a dichotomous score, utilizing this scoring provided less possible error in the
regression analysis.
In the measures of muscular output (HipLR, SLTH, MK and H:Q), the literature
reports sex differences on only two of the selected tests (HipLR and H:Q). There was a
sex difference in muscular peak force (HipLR) in our sample (P< .001) as expected from
the existing literature.310,311 We also found sex differences in each SLTH (P< .001) and
MK (P< .001) but there are no previously reported findings for these tests. Three
investigations have utilized females and males performing SLTH274–276 but no exploration
of a potential sex difference has been recorded. An absence of sex difference findings
also can be said for the MK. Nonetheless, since a component of the MK power score
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incorporates body mass and there are reported sex differences in mass, we might expect a
sex difference for MK simply due to expected variation in body mass. The literature
indicates sex differences in H:Q muscle activation as seen through
electromyography.156,170 However, no sex difference has been seen with low angular
speed strength testing221,317 In agreement with these findings, we did not detect a H:Q
sex difference in our sample with an isometric (no angular speed) contraction.
Previous work has shown a greater frequency of a non-contact versus contact
ACL injury mechanism,140,141 Non-contact ACL injury mechanisms often occurs with an
opponent in close proximity.248 We specifically chose to position the primary
investigator in close proximity to the participant during the recording of GRFs for this
reason. This was done so as to mimic this spatial disturbance for the recorded trials.

5.5 Future Research
The generation and subsequent utilization of predictive models such as the ones
resulting from this study would serve additional populations also at elevated risk for ACL
injuries. Among these at risk populations are collegiate, Olympic and professional
athletes of both sexes. Since muscular output is thought to be specific to sex and
development stage, generation of similar models to predict elevated ACL injury risk
would also benefit active and athletic individuals from the onset of puberty through the
age group explored in the current study.
The amount of variance explained by the nGRFy model is considerable (48%)
especially in comparison to the other ACL injury or GRF predictive models reported in
the literature.174,191 Additionally, predictive models are prone to the considerable
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variation in humans, often resulting in r2 / R2 values between .11 and .28.60,318–320 As the
amount of variance predicting GRFs nearly doubles previous strategies, the use of the
nGRFy model would allow for improved efforts to identify those at elevated ACL injury
risk. Efforts to utilize such a model in this population should await validation of the
current nGRFy findings. The amount of variance explained by the nGRFz regression was
significant but limited to 27%. The significance of the model suggests that efforts to
investigate additional unexplained variance via other practical measures would be
advantageous. Unfortunately for current application purposes, the utilization of the
nGRFz model explains too little of a variance to be clinically meaningful in comparison
to other efforts that described GRFs.174,191
From our findings, we note that nGRFz was described by a functional test
requiring combined muscular performance and neurological activation in the LE (SLTH)
and ankle passive dorsiflexion. Description of nGRFy occurred best through an
assessment of overall muscular mass, peak force output between an agonist-antagonist
muscle pairing about the knee and ankle dorsiflexion ROM. Although our hypotheses
were correct, further examination into the role of muscle activation for nGRFz might
increase the understanding of energy dissipation in court and field sport athletes.
Research into nGRFy would benefit from greater understanding of muscular agonistantagonist ratios and output for nGRFy.
Quantification of LE muscle activation provides a challenge to practitioners
working without access to specialized equipment. Because of this, selection of activation
assessment in an active / athletic setting requires alternative strategies. Among the
possible strategies would be the use of balance as a proxy for muscle activation. Much

88

like the SLTH, higher levels of balance require rapid muscle contractions in a timely
manner. In an effort to provide unique information for the predictive model, future
research should explore variables not associated with the SLTH. One such measure
would be the Balance Error Scoring System (BESS). Previous work has already explored
and confirmed the non-significant relationship between SLTH and BESS.275 The BESS
is also practically applied in the active / athletic setting.
The findings of the current study indicate that muscular output and specifically
muscle volume and mass (FFM), peak force agonist-antagonist ratios (H:Q) and muscle
activation speed and amplitude (SLTH) describe GRFs in our selected sample. To extend
these findings further, research could investigate the longitudinal effects of gains in FFM
and SLTH along with decreases in H:Q on landing energy dissipation.
The selection of a specific position for H:Q testing was explored in section 3.4
above. Nonetheless, joint positions at landing do not mimic the 90º hip /90º knee
position common to testing. It would not be uncommon to note landing at IC commonly
with 15º-20º hip flexion and 10º-15º knee flexion in the sagittal plane. Future
investigations into comparison of isometric peak force testing of H:Q as tested versus
with a 15º hip / 15º knee flexion position will provide insight as to the effect of joint
positioning on knee flexion to knee extension ratio. The findings of any positioning
differences then might indicate the need for further investigation on the role of the H:Q
ratio to landing energy dissipation.
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5.6 Study Limitations
As with all research investigations, we understand that there are limitations.
Among these are limits from our research design, efforts to control error, limits within
our selected measurement tools, and within our selected sample. Awareness of these
limitations have allowed us to implement strategies to minimize the effects when
possible.
The literature reports an absence of universal agreement as to the effects of sex
hormones, if any, on ligamentous57–59,113–116 and neuromuscular tissues.91,92,103–106 Even
so, efforts were made during the study design to control for any source of error from the
potential effect of these hormones. Based upon a common 28-day menstrual cycle,
female participants were self-reportedly in the second half of the follicular phase or first
half of the luteal phase. In spite of some authors reporting an elevated risk of ACL injury
during these phases,93,108–110 we believed that by utilizing a definitive and observable
reference point (the start of menstruation), we provided some consistency within the
female sample. Even with this consistency, there remains potential sex hormone
influence during these phases. The authors found it challenging to entirely eliminate the
risk of error from the influence of sex hormone as mentioned in section 2.2.2. Other than
utilizing what would be an exceedingly small study sample of otherwise healthy and
active college age individuals who have had oophorectomies, are pre-menarche or are
post-menopausal, it would simply be impractical to eliminate the effect of sex hormones.
Additionally, eliminating a hormonal impact would not be practically applied as it is
rarely controlled for at the time of injury in an active / athletic setting. In optimizing the
generalizability of our findings, we wanted female participants that described the
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population at risk for ACL injury as closely as possible. Our efforts in selecting this
design were chosen to minimize rather than eliminate the influence of hormonal variation
instead.
In determining our pre-study intra-rater reliability, the primary investigator (PAC)
was able to display a ‘good’ to ‘clinical-reliable’ ICC values for test measures as noted in
chapter three. The variance on the measure utilizing the HHD for KF and KE in our
sample were elevated versus values reported in the literature. These large variances may
be due to several possible reasons. We designed our investigation to utilize strategies
similar to what is plausible in the settings where ACL injuries occur commonly. In doing
so, this approach decreased the control of research variables. It is also possible there was
a learning effect within the repetitions for these tests in our pilot sample. In addition, our
pilot sample may have not been providing a true isometric effect due to the manner of
applied resistance by the primary investigator.
As investigators, we are also under assumptions of our sample. Even when
participants were verbally encouraged to provide their best efforts during maximal
testing, we cannot be assured that their optimal efforts were indeed provided.
Submaximal efforts would affect our study assumptions and could affect the correlations
of variables. We are under the assumption that all participants were honest in their
answers. In this study, two such individuals provided less-than-clear answers to our
intake questions regarding previous LE rehabilitation and injury. With later questioning,
we were able to identify these two individuals as outside of our study participant
parameters and their data were not included in the final analyses. In addition, we cannot
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be assured that the sample recruited for participation was truly representative of the target
population.

5.7 Clinical Implications
This investigation generated two predictive models from five common clinical
measures and two functional tests, plus sex. Although both models were statistically
significant, the nGRFz model explained only 27% of the variance while the nGRFy
model explained 48% of the variance. The range of human variability has prevented
three decades of extensive investigations from perfectly describing landing behaviors. In
an effort to improve injury prevention efforts, the values in the current investigation are
slightly (nGRFz) to considerably above (nGRFy) previous research results to predict
GRFs.174,191
The clinical use of the nGRFz equation in the current study provided only slightly
improved predictive value (additional 1-9% the variance explained) versus the prior
reported strategies. Although our findings show an improvement over previous
investigative efforts, the equation still results in only a small to moderate effect size. As
such, the use of the nGRFz model as reported would be of lesser value for the clinician
working with healthy and active individuals. The use of other measures to explain
additional variance in this model would certainly be beneficial.
In contrast, if validated, the nGRFy model, utilizing only three practical clinical
measures, may be a valuable tool in an effort to identify those at elevated risk of ACL
injury due to elevated GRFs. The importance of our findings is considerable when
compared to the predictive values of previously explored strategies. The nGRFy model
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explains more than double the variance (r2= .22 versus Adjusted R2= .48) when compared
to the next most effective GRF approach.191 Improved predictive ability then should
allow for better identification of those at elevated ACL injury risk. Additionally, as the
selected clinic and functional tests are often already performed as a component of an
athlete’s pre-season participation activities, calculation of nGRFy would require minimal
additional time.
Results of this study should not be generalized to individuals outside of the
population represented by this sample. Specifically, findings of this study should not be
generalized to pubescent, high school age or professional or older athletes. Further
research would certainly be advisable to ascertain if similar findings would also be found
in these other populations.
We believe our investigation is the first to predict GRFs from a battery of tests
that do not solely require a health care professional to proctor. We feel our strategy
produces not only an end result of greater value to predict ACL injury risk, but if
validated, may be proctored by a variety of trained and untrained individuals in an
athletic setting.

5.8 Conclusions
This study utilized common clinical measures and functional tests, plus sex, to
predict vertical and posterior GRFs in a sample of healthy and active college age
individuals. Our findings showed that 27% of the variance in predicting vertical GRF
could occur from the results of SLTH and DPROM. We also found that the results of
H:Q, FFM and DPROM could explain 48% of the variance in the posterior GRF model
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for our sample. In selecting GRFs as identified ACL injury risk factors, these findings
suggest that, if verified, practical methods to identify individuals at elevated risk of ACL
injury exists.
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Appendix A– Values for Independent and Dependent Variables
ID
1
3
4
5
6
7
8
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

FFM
63.399
77.441
49.901
44.459
48.004
77.732
48.843
49.142
58.021
44.73
47.652
49.94
68.65
73.628
72.913
66.756
78.555
69.651
81.393
49.381
44.222
69.964
85.978
79.107
69.768
67.916
67.132
45.529
72.389
49.257
47.928
44.524
68.816
52.489
44.645
43.234
41.609
64.57
72.871
49.14
44.59
69.602

DPROM
14
22
13.67
20
23.67
11.67
20.33
19.33
24
18
29.33
13.33
21.67
20.67
3
8.67
16.67
15.33
2.33
16.67
13.67
14
12.67
19.33
10
18.67
3
13.67
13.33
13.33
12.33
24
29
9.67
15
20
16
8
1.33
11.33
19
17.33

ODS
Pass
Pass
Pass
Fail
Pass
Fail
Pass
Pass
Pass
Fail
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Fail
Fail
Pass
Pass
Pass
Fail
Pass
Fail
Pass
Fail
Fail
Fail
Pass
Fail
Pass
Pass
Fail
Fail
Pass
Fail
Fail
Fail
Pass
Pass
Fail

SLTH
527.667
570.167
361.667
472.333
521.833
532.167
410.667
479.167
396.333
375.333
473.333
496.833
592.5
643.833
516.333
595.167
605.833
478.667
558.833
425.667
461.833
549.167
498.5
424.333
488.167
500.333
497
391.667
613.833
457.833
385
424.5
539.5
390.833
420
443.5
401.833
554.333
557.667
414.833
421.333
478.667

MK
1649.228
1865.653
1045.587
905.1
1151.608
1509.761
902.311
1158.955
1031.612
834.498
1013.193
1237.684
1528.923
1534.559
1664.746
1419.251
1386.445
1396.471
1447.54
958.77
938.111
1592.374
1095.039
950.422
1389.127
1311.837
1127.202
1007.551
1327.693
1118.637
924.543
667.075
1510.6
1052.494
921.253
746.137
694.938
985.783
1526.215
884.988
686.935
1439.64
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HipLR
216.767
205.067
171.8
136.033
163.033
223.967
147.267
150.643
135.9
170.267
166.8
187.7
196.167
182.567
257.833
214.433
177.767
203.833
191.4
167.467
159.633
225.3
253.4
214.9
158.6
181.133
227
163.4
232.5
193.567
112.833
130.3
142.367
131.633
137.567
109.6
108.2
169.033
172.3
100.567
113.867
281.3

H:Q
0.922
0.662
0.947
0.82
0.721
0.565
0.872
0.78
0.746
0.568
0.632
0.676
0.746
0.702
0.792
0.918
0.702
0.67
0.802
0.843
0.727
0.701
0.863
0.824
0.83
0.776
0.824
0.751
0.734
0.782
1.132
1.025
0.645
1.01
0.788
0.835
0.927
0.832
0.758
0.868
0.946
0.844

Sex
Male
Male
Female
Female
Female
Male
Female
Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Male
Female
Female
Male
Male
Male
Male
Male
Male
Female
Male
Female
Female
Female
Male
Female
Female
Female
Female
Male
Male
Female
Female
Male

nGRFz
5.591
3.6
4.78
4.15
2.949
3.604
3.555
4.231
3.65
5.058
2.96
3.956
3.151
2.769
3.798
3.577
4.548
4.702
4.756
5.323
3.876
3.222
4.583
3.913
4.161
5.271
4.331
6.375
2.809
5.673
4.259
5.032
2.777
5.195
5.405
5.078
3.994
6.137
4.591
3.721
4.495
3.392

nGRFy
-3.641
-2.228
-3.633
-3.766
-2.829
-1.975
-3.099
-3.165
-2.954
-3.542
-2.082
-2.616
-3.031
-2.136
-2.326
-5.585
-3.398
-3.117
-3.084
-4.456
-3.368
-2.746
-2.525
-2.851
-2.451
-3.389
-3.412
-5.04
-1.765
-3.387
-3.607
-4.29
-1.745
-5.192
-5.428
-4.935
-4.637
-3.39
-3.041
-4.334
-3.467
-2.777

Appendix B – Demographic Values for Participants
ID
1
3
4
5
6
7
8
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Sex
M
M
F
F
F
M
F
F
F
F
F
F
M
M
M
M
M
M
M
F
F
M
M
M
M
M
M
F
M
F
F
F
M
F
F
F
F
M
M
F
F
M

Age
22
22
21
18
21
23
23
20
20
18
23
20
22
22
22
20
22
23
23
22
21
21
24
21
21
19
22
22
21
22
22
22
22
21
19
20
20
20
22
20
19
19

Days Per Week Active
3
4
7
6
6
5
5
5
3
5.5
5
6
5
3
5.5
4
6
3
5
6
3
3.5
7
4
5
5
4.5
3
5
5
3.5
4.5
6.5
5
3
3.5
4
4
4
5
5
6

LEFS
80
80
80
77
79
80
80
80
80
74
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
78
80
80
79
80
77
78
78
80
76
76
80
80
80
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Beighton
0
2
4
2
3
0
5
0
1
0
1
2
1
0
0
1
0
0
0
3
2
2
0
2
0
0
0
0
0
3
0
5
1
4
2
3
1
1
0
3
0
0

Ht(cm)
177
183
168
160
166
176
170
164.5
168
167
163
169
175
184
176
181
182
184
194
163
167
182
174
181
188
169
169
173
185
166
174
160
177
171
176.5
161.5
163
181
178
163.5
161
174.5

Mass(kg)
89.69782
88.90403
81.19297
56.2455
68.0388
93.6668
61.6886
68.946
80.7394
69.3996
64.4101
64.4101
73.4819
71.66754
85.61549
72.12113
87.99685
91.62558
86.40928
59.8742
58.967
85.9557
91.6257
87.0897
83.9146
71.214
72.34798
73.482
82.1002
69.17284
56.699
51.2559
71.214
79.15187
64.8637
53.5239
52.6167
73.0284
83.0074
59.4206
54.8847
77.5643

DominantLE
R
R
R
R
R
R
L
L
R
R
L
R
L
R
R
L
L
L
R
R
R
R
R
R
L
L
R
R
R
R
R
R
L
L
R
L
L
L
R
R
R
L

Appendix C– Probability Plot of Regression Standardized Observed versus
Expected Residuals for nGRFz Model
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Appendix D– Probability Plot of Regression Standardized Observed versus
Expected Residuals for nGRFy Model
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